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CHAPTER I 
 
INTRODUCTION 
 
Non-covalent Interactions Contribute to Protein Stability and Structure 
Proteins fold into stable conformations where hydrophobic residues are 
buried on the inside of the protein and polar residues are solvent accessible.  
Non-covalent interactions significantly contribute to the conformational stability of 
proteins.  These stabilizing interactions include hydrogen bonds, hydrophobic 
forces, and electrostatic interactions.  Stabilizing interactions are disrupted by 
extremes in temperature or pH and by the addition of alcohols, sodium dodecyl 
sulfate (SDS), and denaturants such as urea, and guanidium chloride.  Therefore 
under these conditions, the likelihood of protein unfolding (denaturation) is 
increased.  A protein’s folded state is maintained through the delicate balance of 
stabilizing and destabilizing interactions.  An example of a destabilizing 
interaction occurs when a charged group is surrounded by hydrophobic residues 
on the inside of the protein.  This destabilizing effect will promote the unfolding of 
proteins.  For that reason, it becomes abundantly clear the level of intricacy 
inherent in the protein folding process.   
The complex nature of the folding process can be described by the 
following isothermal Gibbs free energy equation: 
   UG = UH - TUS     (1) 
 where UG is the Gibbs free energy; UH the enthalpy; and US the entropy.   
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The Gibbs free energy reflects the difference in contribution from non-covalent 
interactions (enthalpy) and intrinsic ordering of the system (entropy).   To further 
illustrate the point, the transition from an unstructured conformation to an ordered 
structure gives rise to unfavorable conformational entropy.  As a matter of fact, 
conformational entropy works against protein folding, favoring unfolded 
conformations.  In order for a protein to fold, it must overcome destabilizing 
interactions that produce unfavorable entropic and enthalpic contributions to the 
Gibbs free energy.  For instance, the sequestration of hydrophobic residues 
(hydrophobic effect) away from water is a major contributor to protein folding 
(Nikolic et al. 2011).   In the protein’s unfolded state, water molecules are 
released from their ordered state.  Consequently, less ordering increases entropy 
and favorably contributes to the Gibbs free energy of folding.  Moreover, the 
formation of stabilizing electrostatic interactions and hydrogen bonds produces a 
favorable enthalpic contribution to the overall free energy.  A general inference 
can be drawn that proteins in their native (biologically active) state are marginally 
stable.  Proteins have evolved to have their native states marginally stable, 
because living cells need to rapidly synthesize and degrade proteins for the 
physiological needs of the cell.     
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Theory of Protein Folding 
Proteins modulate their non-covalent interactions to affect entropic and 
enthalpic contributions enabling protein folding to be a thermodynamically 
favored process.  In particular, the free energy is reduced as the protein 
transitions from unfolded to folded states.  A typical folding reaction profile shows 
that the unfolded state approaches the folded state by way of intermediate 
transition states.  For simplicity, the folding process can be described by a way of 
a two-state model.  In the two state model, only the folded and unfolded states 
are identified, and the folding intermediates are presumed to have a negligible 
contribution (Baldwin and Rose 1999).  Protein folding is a reversible reaction 
that can be described by the following equilibrium: 
         
          (2)  
 
where U represents the unfolded state and N the more stable native (folded) 
state.  k1 and k2 are the rate constants  associated with protein folding and 
unfolding respectively.  These rates are related to the equilibrium constant (Keq) 
governing the folding reaction. 
 
           Keq = 
[ ]
[ ]U
N      (3)  
 
 
U N
k1
k2
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Keq is related to the free energy associated with protein folding by the following 
equation: 
          eqo K ln RTΔG −=               (4) 
where R is the gas constant and T is the absolute temperature in kelvins.  If Keq > 
1, UGo is negative and the folding equilibrium will favor the folded native state.  
UGo is a measure of the conformational stability of folded proteins.     
In vitro studies have revealed that protein folding is a cooperative process 
that is a culmination of multiple interactions within the polypeptide chain 
(Kuwajima 1989). According to in vitro unfolding experiments, regions, of the 
polypeptide chain, that are partially unfolded contribute to the instability of the 
remaining structure.  Proteins with multiple domains have a tendency to deviate 
from the two-state folding model because protein folding is a hierarchic process.  
Simulations have provided additional evidence in favor of hierarchical folding 
(Lazaridis and Karplus 1997). For example, the burst phase is an early step in 
protein folding.  During this phase, CD experiments confirmed the existence of an 
intermediate, with secondary structure, similar to the native state (Ptitsyn 1996).  
In this intermediate, referred to as the molten globule, the amino acid side chains 
are disordered and loosely packed.  Furthermore, long range tertiary interactions 
are absent and it is during subsequent folding steps that subdomains appear.  It 
has been proposed that molten-globule intermediates are part of a folding 
pathway toward the native conformation.      
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Cyrus Levinthal demonstrated that many combinations of dihedral angles 
are compatible with a protein's stable conformational state.  If a protein randomly 
explored all conformations available, it would take an impossibly long time for the 
protein to fortuitously achieve its native state (Levinthal’s paradox).  To escape 
this paradox, Levinthal reasoned that proteins fold through an ordered set of 
pathways to attain the native state with the lowest free energy (Levinthal 1968).  
The concepts of thermodynamic and kinetic control evolved from Levinthal’s 
paradox.  Thermodynamic control describes how a protein attains its global 
energy minimum, in a folding pathway independent manner.  Essentially, the 
conditions of denaturation do not determine final native structure, while kinetic 
control describes the physiological time scale of folding.   
In this so called “classical view”, the folding pathway is composed of 
discrete intermediate states.  Intermediates were classified as on pathway or off 
pathway.  On pathway intermediates pave the way to productive protein folding.  
All intermediates are assumed to be well defined and follow a sequential 
mechanism.    There are three classical models: off-pathway, on-pathway, and 
sequential (Dill and Chan 1997).  Each model is characterized by the following 
reaction schemes: 
The off-pathway reaction scheme: 
U N
X           (5) 
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The on-pathway reaction scheme: 
         (6) 
The sequential reaction scheme: 
      (7) 
where N represents the native state, U the unfolded state, and X/I are 
intermediate states that have similar properties as the native and unfolded states.   
Each model demonstrates how different states are interrelated on a given protein 
folding pathway.  The sequential model is commonly used to describe protein 
folding.  This model suggests that folding occurs via a unique pathway of 
sequential intermediates (Baldwin 1995).  The application of statistical mechanics 
and Monte Carlo simulations paved the way for a modern view of protein folding 
(Dobson and Karplus 1999; Dinner et al. 2000).  The modern view replaces the 
folding pathway with energy landscape theory (Dill et al. 1995; Wolynes et al. 
1995; Baldwin and Rose 1999).  The energy landscape incorporates the free 
energy associated with each possible protein conformation.  The energy surface 
is comprised of horizontal and vertical coordinates.  The horizontal coordinates 
represent a particular protein conformation.  Each horizontal coordinate is a 
direct reflection of the possible dihedral angles, along the protein backbone.  
Conformations that are similar in geometry are grouped closely to each other.  
Vertical coordinates represent the free energy associated with a particular 
conformation.  The horizontal and vertical coordinates outline a funnel-shaped 
energy surface.    The energy landscape contains hills, which are representative 
of high energy conformations.   
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The more favorable conformations are located within the valleys. The global free 
energy minimum is located at the bottom of the funnel and it corresponds with 
the native state. 
 
 
 
 
 
 
 
 
 
 
 
Now, the kinetic process of protein folding can be described by the energy 
landscape.  As proteins fold, they change their conformations by reducing their 
free energy.  The folding protein is constantly exposed to Brownian forces.  
Brownian motion causes the molecule to sample different conformations, and 
each conformation will have a different position along the funnel landscape.  
Individual conformations meander through hills and valleys on their way to the 
native state.  Unfolded proteins follow different trajectories down the folding 
funnel to the global minimum (native state). 
 
   
Figure 1: Funnel-shaped energy landscape.  The native state (N) is 
located at the bottom of the funnel, and the native state is the global free 
energy minimum.  The energy landscape suggests several routes for 
obtaining the native state with local energy minima existing along each 
pathway.  This figure was adapted from Dill and Chen, 1997. 
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The folding funnel resolves Levinthal’s paradox; in view of the fact that, the 
funnel shape guides all conformations toward the native state.  The objective is 
to sidestep the random sampling of all possible conformations.  For that reason, 
the restriction of the conformational space sampled by the protein leads to more 
rapid folding.    
Nevertheless, the conclusion that a protein's primary sequence is the only 
director of the folding process toward the native conformation is a misleading 
assumption.  In fact, proteins, in vivo, fold to their native conformation within a 
few seconds after translation.  Efficient folding of proteins can occur because all 
cells contain accessory proteins that assist in the folding process toward the 
native conformation.  The three types of accessory proteins are protein disulfide 
isomerase (PDI), peptidyl prolyl cis-trans isomerase (PPI), and molecular 
chaperones; each type of accessory protein performs a specific function in the 
pathway toward proper protein folding (Lorimer 1993; Hartl and Hayer-Hartl 
2002; Young et al. 2004).  For example, PDI catalyzes the formation of disulfide 
bonds, through disulfide bond shuttling, until native pairings are achieved.  PPIs 
catalyze cis-trans isomerization of prolyl peptide bonds.  Both PDI and PPI are of 
pivotal importance within the cell, because they catalyzed otherwise slow 
reactions greatly increasing folding efficiency. 
In addition to PDI and PPI, molecular chaperones assist folding proteins in 
achieving their native conformation.  Molecular chaperones are cytosolic proteins 
that prevent inappropriate interactions within nascent polypeptide chains.   
 9
These polypeptide chains have an abundance of solvent-exposed hydrophobic 
groups; consequently, newly synthesized polypeptide chains have a greater 
tendency to form aggregates which impair cellular function.  Molecular 
chaperones bind unfolded or aggregated polypeptides thus shielding their 
solvent-exposed hydrophobic surfaces and inhibiting aggregation.  Polypeptide 
release and binding occur repeatedly until proper folding and tertiary structure is 
achieved. The cellular system of molecular chaperones function at different 
stages in the protein folding network.  Molecular chaperones play a pivotal role in 
protein quality control under normal and stressed conditions.   
    
Molecular Chaperones 
As a counter measure to heat shock, oxidative, and osmotic stress, the 
cell responds by increasing the activation of 50 to 200 genes corresponding to 
heat shock proteins (Lindquist 1986; Parsell and Lindquist 1993; Richter et al. 
2010).  The majority of these genes are associated with molecular chaperones; 
since, the cell’s first line of defense is to repair and refold proteins.  Molecular 
chaperones are categorized into five families based upon molecular mass: 
Hsp100s, Hsp90s, Hsp70s, chaperonins, and small heat shock proteins (sHsps).  
These highly conserved families assist in the folding of nascent polypeptides 
while rescuing previously folded proteins from stress-induced unfolding.  
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Chaperones are capable of recognizing and binding patches of exposed 
hydrophobic amino acids; therefore, preventing the undesired intermolecular 
interactions which could result in protein aggregation (Bukau and Horwich 1998; 
Goloubinoff and De Los Rios 2007; Horwich et al. 2007; Saibil 2008; Richter et 
al. 2010).   
 The binding and release of substrate proteins, by molecular chaperones, 
is highly coordinated and controlled.  ATP binding and hydrolysis is a key player 
in the affinity for binding between molecular chaperones and substrate.  Due to 
diversity in function, molecular chaperones can be further categorized into 
foldases and holdases.  The foldases are ATP-dependent, and these molecular 
chaperones have stress-inducible and constitutively expressed forms.  The 
Hsp100s, Hsp90s, Hsp70s, and chaperonins are included in this category.  
sHsps are  holdases which are ATP-independent and primarily expressed upon 
stress.  The following subsections will provide a more detailed examination of the 
individual molecular chaperone families and their role in productive protein 
folding.  
 
Hsp100 family 
The Hsp100 family consists of the bacterial AAA ATPases ClpA, ClpB, 
ClpC, ClpE, ClpX, and ClpY (Sauer et al. 2004; Kirstein et al. 2009).  Plants, 
mammals, yeast, and mitochondria contain homologues of the bacterial AAA 
ATPases.   
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All family members share a distinctive hexameric ring structure (Martin et al. 
2005; Tomko Jr et al. 2010; Wang et al. 2011).  Architecturally, these proteins 
form a hollow barrel with an internal proteolytic chamber (Effantin et al. 2010a).  
Within each ring, a narrow passageway provides access to the proteolytic active 
sites.  The narrowness of this passageway serves as a gate keeper, because 
folded proteins are excluded due to their large size.  Therefore, inadvertent 
contact between folded proteins with proteolytic active sites is prevented.  For 
proteins targeted for proteolysis, ATP hydrolysis induces structural changes in 
the Hsp100/Clp protein resulting in transfer of substrate proteins into the 
proteolytic chamber (Kirstein et al. 2009).  Hsp100/Clp family members are 
categorized into two classes based upon the number of nucleotide-binding sites 
per monomer (Sauer et al. 2004; Kirstein et al. 2009).  Hsp100 proteins are 
characterized as disassembly chaperones, because they contain AAA+ protease 
activity.  The dual nature of these proteins permits the efficient degradation of 
otherwise unfoldable substrates.  For instance, E. coli has three discrete 
Hsp100/Clp proteolytic machines: ClpAP, ClpXP, and ClpYQ (HsIUV).  Each 
proteolytic machine follows a similar mechanism (Effantin et al. 2010b; Rajendar 
and Lucius 2010; Aubin-Tam et al. 2011; Maillard et al. 2011).  First, ClpX, ClpA, 
or HsIU recognize and bind substrate through unstructured peptide signals 
(chaperone activity).  These peptide signals are categorized into two classes 
primary degradation tags and substrate tethers to the AAA+ ATPase.  For 
example, the SsrA peptide signal functions as a degradation tag for nascent 
polypeptides.   
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The SsrA degradation tag is incorporated into the C-terminus of the nascent 
polypeptide, and it targets the polypeptide for degradation by either ClpXP or 
ClpAP (Maglica et al. 2008).   
After substrate recognition and tethering, proteolytic machines utilize the 
energy from ATP hydrolysis to unfold their substrate (unfoldase activity) (Maillard 
et al. 2011).  The unfolded substrate is translocated through the passageway of 
the internal proteolytic chamber of ClpP or HsIV (Slack et al. 1995; Effantin et al. 
2010b; Rajendar and Lucius 2010; Aubin-Tam et al. 2011).  After translocation of 
substrate, proteolysis occurs at the proteolytic active site, and fragments from 
degradation diffuse out the proteolytic chamber.  The intracellular levels of 
proteolytic machines increase in response to stress.  Proteolytic machines 
(Hsp104/ClpB) act in concert with Hsp70 to break down protein aggregates (Ben-
Zvi and Goloubinoff 2002; Liberek et al. 2008; Haslberger et al. 2010; DiSalvo et 
al. 2011).    Consequently, these proteolytic machines are vital components of 
the cell’s homeostatic mechanism. 
 
Hsp90 family 
 Hsp90 is one of the most abundant proteins in the cytoplasm, where it 
constitutes about 2% of the total protein in the absence of stress (Li et al. 2011).  
Stress enhances the expression of Hsp90, and the Hsp90 gene is under the 
transcriptional control of heat shock factor 1 (HSF1).   
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The relationship between Hsp90 and HSF1 is peculiar in that HSF1 is 
sequestered within a complex between Hsp70 and Hsp90.  In reaction to stress, 
HSF1 is released from this complex where it can activate Hsp90 transcription; 
therefore, Hsp90 can regulate its own transcription (Calderwood et al. 2009).  
During environmental stress, Hsp90 can translocate from the cytoplasm to 
the nucleus.  For instance, enhanced green fluorescence protein (EGFP) was 
fused with Hsp90α (EGFP-Hsp90α), and heat stress caused EGFP-Hsp90α to 
translocate to the nucleus (Langer et al. 2003).  In the absence of stress, EGFP-
Hsp90α was localized predominantly in the cytoplasm, with no fusion protein 
detected inside the nucleus.  These studies are evidence that Hsp90 is capable 
of being transported to multiple cellular compartments, where it performs discrete 
cellular functions.  In eukaryotic cells, many genes encode compartment-specific 
Hsp90 proteins, which are highly conserved across multiple organisms (Chen et 
al. 2006; Taipale et al. 2010).  The Hsp90 family is categorized into five families: 
Hsp90A-C, mitochondrial TNFR-associated protein (TRAP, Hsp75), and bacterial 
high temperature protein G (HtpG).   
Hsp90A is a ubiquitous family that is present in the cytoplasm.  Hsp90B, 
also known as GRP94 in humans, is localized to the endoplasmic reticulum (ER), 
where it is involved in ER protein homeostasis.  Hsp90C proteins are present in 
chloroplasts; while TRAP proteins are found in the mitochondria.  Expression of 
TRAP was found to protect cells from apoptosis after oxidative stress (Pridgeon 
et al. 2007).  HtpG is present in bacteria and is not essential under non-stress 
conditions, in sharp contrast to eukaryotic Hsp90s (Taipale et al. 2010). 
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Members of the Hsp90 family are diverse in function, but structurally similar.  All 
Hsp90 proteins are dimeric and share homology with the GHKL (DNA gyrase, 
histidine kinase, and MutL) superfamily of ATPases (Dutta and Inouye 2000). 
Likewise to GHKL, monomeric Hsp90 is divided into three separate domains: the 
amino terminal domain, middle domain, and carboxy-terminal domain.  
   Each domain takes part in the chaperone cycle; which is driven by the 
capacity to bind and hydrolyze ATP.  Binding of ATP causes conformational 
changes in the amino terminal domain.  The amino terminal domain contains two 
α-helices and a loop region that form a lid covering the ATP binding site (Shiau et 
al. 2006).  In the absence of ATP, the lid blocks the active site.   A charged linker 
region, referred to as the SRC loop, connects the amino terminal domain to the 
middle domain.  Hydrophobic residues of the middle domain are involved in 
Hsp90 client recognition (Shiau et al. 2006).   The middle domain is connected to 
the carboxy terminal domain through a flexible tether.                      
The carboxy terminal domain mediates both dimerization and co-chaperone 
interactions.  The binding of co-chaperones to Hsp90 results in extensive 
conformational changes that regulate the open and closed states; therefore, 
affecting client protein binding (Picard 2002; Jascur et al. 2005; Taipale et al. 
2010; Karagoz et al. 2011; Li et al. 2011).  Many co-chaperones use their 
tetratricopeptide repeat (TPR) domains to bind Hsp90, a degenerate 34-amino 
acid consensus sequence (Young et al. 1998).  The carboxy terminal domain, of 
Hsp90, contains five highly conserved residues referred to as the MEEVD motif.   
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Co-chaperones utilize their TPRs to bind the MEEVD motif of Hsp90.  Each 
Hsp90 dimer contains a single TPR binding site.  TPR containing co-chaperones 
have a fundamental role in coordinating the interaction of Hsp90 with other 
molecular chaperones, such as Hsp40 and Hsp70. 
   
Hsp70 family 
 Members of the Hsp70 family are highly conserved from bacteria to 
humans (Craig et al. 1993).  For example, E. coli DnaK shares about 50% 
sequence identity with its eukaryotic Hsp70 counterparts (Craig and Lindquist 
1988).  Even among the eukaryotic Hsp70s, sequence identity is as high as 98%.   
Hsp70 protein is present in the cytosol, and all major cellular organelles such as 
the mitochondria (Hsp75, Grp75, mortalin, TRAP-1) (Voos et al. 1999) and the 
endoplasmic reticulum (Grp78, BiP) (Munro and Pelham 1986).  Hsp70 is also 
found in the chloroplasts of plants (ct-Hsp70) (Marshall et al. 1990).  Eukaryotes 
are capable of producing Hsp70 homologs that are not regulated by 
environmental stress (Ingolia and Craig 1982).  The constitutive form of Hsp70 is 
referred to as the 70-kDa heat shock cognate protein, Hsc70 or Hsp73.  Hsc70 is 
present in the cytosol where it is involved in protein folding (Kazutoyo and Oike 
2010).  A role for Hsc70 (Hsp73) is to bind AU-rich elements (AREs) of mRNA to 
enhance their stability (Zimmer et al. 2001).  Hsp70 proteins are responsible for 
numerous housekeeping functions within the cell.   
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These functions include: nascent polypeptide folding, protein translocation across 
membranes, and the assemblage of protein complexes for signal transduction 
(Ungewickell et al. 1995; D'Silva et al. 2004; Sharma et al. 2011).  
Hsp70 acts in conjunction with numerous cofactors to construct an 
intricate chaperone machine (Bukau and Horwich 1998).  In Saccharomyces 
cerevisiae there are several Hsp70 homologs: Ssa1-4, Ssb1-2, Pdr13 (Ssz1), 
Ksr2, Ssc1, SSq1, and Emc10 (Frydman 2001).  The HSPA1-2, HSPA5-9, 
HSPA12A-B, and HSPA14 homologs exist in Homo sapiens (Kampinga and 
Craig 2010).  The Escherichia coli homologue of Hsp70 is referred to as DnaK.  
DnaK acts in concert with two specific cofactors DnaJ/Hsp40 and GrpE; to form a 
chaperone machine that is capable of repairing proteins exposed to stress 
(Schroder et al. 1993; Mayer and Bukau 2005).                
Hsp70 utilizes the energy of ATP hydrolysis to drive protein folding, 
unfolding, and translocation.  The Hsp70 (Hsc70) protein is assembled from two 
functional domains.   The first is an N-terminal nucleotide binding domain (NBD).  
The second is a C-terminal substrate binding domain (SBD); which has an α 
helical lid covering the binding pocket (Zhu et al. 1996; Chou et al. 2003).  The 
opening and closing of the α-helical lid is controlled by ATP hydrolysis, within the 
NBD.  The C-terminal domain also contains an important substrate recognition β-
sandwich subdomain.  The β-sandwich recognizes extended regions of 
hydrophobic residues, commonly exposed on nascent polypeptide chains 
(Rudiger et al. 1997).    Hsp70 in its ATP-bound state has its α-helical lid in an 
open conformation, to facilitate polypeptide binding.   
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ATP hydrolysis results in α-helical lid closure, over the substrate binding pocket.  
DnaJ/Hsp40 has also been implicated in the direct binding of substrate and 
subsequent recruitment of Hsp70.  Substrate is dissociated from Hsp70 by the 
action of NEFs, such as GrpE/Hsp110/Bag.  NEFs catalyze the exchange of ADP 
for ATP, which opens the α-helical lid, and releases substrate.             
 
Chaperonins 
The chaperonins are large, cylindrical, multisubunit complexes that bind 
and encapsulate folding proteins.  Encapsulation protects the folding protein from 
nonspecific aggregation, and the energy of ATP hydrolysis is used to drive the 
folding process.  There are two groups of chaperonins (Horwich et al. 2007).  
Group I chaperonins include the bacterial GroEL, mitochondrial Hsp60, and 
Rubisco binding protein from the chloroplast (Georgopoulos et al. 1979; 
Hemmingsen et al. 1988; Cheng et al. 1989).  Group II chaperonins include the 
archaebacterial Thermosome and the eukaryotic chaperonin-containing TCP-1 
complex or tailless complex polypeptide-1 TCP-1 ring complex (CCT/TRiC) 
(Yaffe et al. 1992; Phipps et al. 1993).   
Chaperonin family members differ in their structure and function.  Stress 
induces the expression of GroEL, Hsp60, and the thermosome. However, 
CCT/TRiC is not induced after exposure to stress.  GroEL and Hsp60 have 14 
identical subunits arranged into two stacked rings of seven subunits each.  Each 
GroEL subunit has an apical, intermediate, and equatorial domain (Braig et al. 
1994).   
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GroEL and Hsp60 function with the cofactors GroES and Hsp10, to form a 
chaperone machine.  GroES is a heptameric ring composed of identical 10 kDa 
subunits, and it forms a lid on top of the cis GroEL ring (Hunt et al. 1996).  As a 
result, the GroEL cavity is sealed, and the folding substrate is enclosed inside of 
an “Anfinsen cage” (Saibil et al. 1993; Ellis 1994). The Thermosome and 
CCT/TRiC do not utilized an external lid structure to encapsulate their bound 
substrate; instead they utilize integrated protrusions (Klumpp et al. 1997; Ditzel et 
al. 1998; Pappenberger et al. 2002).  The protrusion structures emerge from their 
apical domains.  The extensively studied GroEL/GroES chaperone machine has 
significantly expanded our understanding of the action of chaperonins.  There are 
at least 250 known GroEL/GroES substrates. In the presence of ATP, GroES 
binds to the cis ring of GroEL, which encapsulates the polypeptide substrate.  
Conformational changes cause the inner chamber walls to become hydrophilic 
and negatively charged.  The change in chamber environment causes the folding 
substrate to bury its hydrophobic surface, while exposing its hydrophilic surface 
(Xu et al. 1997).  ATP hydrolysis occurs within the GroES bound cis ring.  
Subsequently, ATP binds to the trans ring, of GroEL, which releases GroES and 
substrate.  Both the released GroES and substrate are also capable of binding to 
the trans ring again, which initiates subsequent rounds of substrate folding.  
Therefore, the cis and trans rings of GroEL take turns nucleating a new folding 
active complex (Rye et al. 1999).   
 
         
 19
Small heat shock proteins (sHsps) 
 
Distribution of sHsps among prokaryotes and eukaryotes 
Among the molecular chaperones, small heat shock proteins (sHsps) are 
present in bacteria, archaea, and eukaryotes (de Jong et al. 1993; Parsell and 
Lindquist 1993; de Jong et al. 1998; Franck et al. 2004).  It is interesting to note, 
that not all organisms contain sHsps.  For example, Mycoplasma genitalium 
lacks the genes coding for sHsps (Fraser et al. 1995).  The absence of sHsp 
genes is a common attribute of organisms with small genomes, ranging from 
0.58 to 2.27 Mb (Narberhaus 2002).  More significant than genome size is the 
temperature and environment, in which the organism lives.  The genomes of 
Rickettsia and Chlamydia encode a single sHsp gene.  These organisms are 
parasites, and they are dependent upon a mutual relationship with insect, 
human, and animal hosts (Andersson et al. 1998; Read et al. 2000; Shigenobu et 
al. 2000).  Most bacteria and archaea have genomes that encode a small 
number of sHsps.  For instance, Methanococcus jannaschii, Thermotoga 
maritima, and Synechococcus vulcanus each contain a single sHsp gene (Bult et 
al. 1996; Roy and Nakamota 1998; Nelson et al. 1999).   
Subsequent evolution to eukaryotes with multiple copies of sHsps genes 
allows for greater adaption to a variety of stressful stimuli.  In particular, plants 
are exposed to a variety of abiotic stresses such as drought, salinity, and heat. 
Thus there are six families of plant sHsps.  Families I, II, and III are cytosolic.   
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Families IV, V, and VI are localized to the chloroplast, mitochondria, and 
endoplasmic reticulum, respectively.  Plant sHsps are unique, because they have 
both cytosolic and organellar isoforms.  This is a sharp contrast to other 
eukaryotes which have primarily cytosolic isoforms.  Therefore, diversification of 
sHsps in plants is an indicator that reflects adaption to stresses unique to plants 
(Waters 1995).    Having abundant small heat shock proteins is not just limited to 
plants.  For example, Caenorhabditis elegans has eighteen sHsp genes 
(Aevermann and Waters 2008).  The zebrafish Danio rerio has thirteen sHsps, 
Drosophila melanogaster has seven, and Homosapiens have ten sHsps, HSPB1-
10 (Kappe et al. 2003; Taylor and Benjamin 2005; Elicker and Hutson 2007; 
Frydenberg et al. 2010).  Multiple stress genes permit an increasingly adaptable 
response to changing environmental conditions. 
 
Sequence diversity in small heat shock proteins   
Among the molecular chaperones, small heat shock proteins (sHsps) are 
the most evolutionarily divergent.  Most sHsps are characterized by a conserved 
sequence of ~90 residues referred to as the α-crystallin domain (Caspers et al. 
1995).  The N-terminal domain and C-terminal extension flanking the α-crystallin 
domain are more divergent in sequence (Fig. 2).  The C-terminal extensions of 
sHsps vary in length, but they all share the conserved I-X-I/V sequence (de Jong 
et al. 1998).  This flexible extension is involved in both oligomer stability and 
solubility (Smulders et al. 1996; Kim et al. 1998; van Montfort et al. 2001).   
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The N-terminal domains of sHsps are the least conserved except for short 
hydrophobic sequences SRLFDQFF and F/WDPF both rich in phenylalanines      
(Crabbe and Goode 1994; Ehrnsperger et al. 1997a; Pasta et al. 2003).  Small 
heat shock proteins, lacking the flanking N-terminal domain or C-terminal 
extension, have a tendency to form monomeric, dimeric, and tetrameric 
structures (Merck et al. 1992; Leroux et al. 1997; Kokke et al. 1998; van de 
Klundert et al. 1998; Lambert et al. 1999; Bova et al. 2000; Feil et al. 2001; 
Koteiche and Mchaourab 2002; Theriault et al. 2004).  However, N-terminal 
domain deletion in Hsp16.5 does not produce a change in oligomer size or 
symmetry (Koteiche and Mchaourab 2002; Shi et al. 2006).   
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Fig. 2.  Amino acid sequence alignment for representative bacterial, 
archeal, plant, and human sHsps.  The following sHsps were aligned: Hsp16.9 
(wheat), Hsp18.1 (pea), Hsp25 (mouse), Hsp27 (human), alphaA (human αA-
crystallin), alphaB (human αB-crystallin), Hsp16.3 (Mycobacterium tuberculosis), 
Hsp26 (yeast), and Hsp16.5 (Methanococcus jannaschii).  Gray shaded regions 
represent conserved residues.  The sequence alignment was generated with 
CLUSTAL W in the biology workbench program package. (Thompson et al. 1994; 
Subramaniam 1998) 
 
Structure of small heat shock proteins 
Since the α-crystallin domain is highly conserved, the variable N- and C-
terminal sequences contribute to the structural diversity observed among sHsps 
(Merck et al. 1993; Berengian et al. 1999; Bova et al. 2000; van Montfort et al. 
2001; Stromer et al. 2004; Mchaourab et al. 2009).  sHsps assemble into large 
flexible oligomers of 4 to 40 subunits that vary in size from 200 to 800 kDa (de 
Jong et al. 1998; Arrigo and Muller 2002).  Oligomeric assemblies vary 
substantially from the symmetric and monodisperse to the polydisperse 
oligomers which are capable of rapid subunit exchange (Haley et al. 1998; Kim et 
al. 1998; Bova et al. 2000).  The dynamic nature of eukaryotic sHsp oligomers 
hinder their high resolution structural analysis; nevertheless, eight crystal 
structures have been determined for Methanococcus jannaschii Hsp16.5, 
Triticum aestivum Hsp16.9, Taenia saginata Tsp36, Xanthomonas XaHspA, N-
terminal truncated mammalian Hsp20, Hsp27, αA-crystallin, and αB-crystallin 
(Kim et al. 1998; van Montfort et al. 2001; Stamler et al. 2005; Bagneris et al. 
2009; Laganowsky et al. 2010; Baranova et al. 2011; Hilario et al. 2011).  All of 
these structures show the α-crystallin domain dimer as the basic building block of 
the sHsp oligomer.   
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The α-crystallin domain monomer consists of seven β-strands arranged 
into two antiparallel sheets.  In Hsp16.5 and Hsp16.9, two monomers assemble 
into a dimer by way of an extended loop and the exchange of a β6 strand from a 
neighboring monomer (Kim et al. 1998; van Montfort et al. 2001).  However, in 
mammalian sHsps, sequence divergence results in deletion of a beta strand 
involved in assembling the dimeric interface (Mchaourab et al. 1997a; Berengian 
et al. 1999).  As a result, the dimerization interface is altered, which produces 
different oligomer symmetry for mammalian sHsps.  Additionally, the mammalian 
sHsps Hsp27 and Hsp20 have a dimer interface that is generated by the 
symmetric pairing of two β7 strands (Baranova et al. 2011).  Consequently, the β-
sheet is extended on one face of the α-crystallin domain.  The variability of this 
extended interface contributes to the polydispersity of sHsps (Mchaourab et al. 
1997a; Berengian et al. 1999; Koteiche and Mchaourab 1999; Feil et al. 2001; 
Jehle et al. 2009).  
Furthermore, packing of the α-crystallin domain dimers contribute to the 
structural diversity observed in sHsp oligomeric assemblies.  The structure of the 
α-crystallin domain has hydrophobic grooves located along each edge.  Multiple 
inter- and intra-molecular interactions occur between the hydrophobic α-crystallin 
domain edges and the N- and C-terminal extensions producing higher order 
oligomeric structures (Kim et al. 1998; van Montfort et al. 2001; Jehle et al. 2009; 
Chen et al. 2010).   
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For instance, Hsp16.5 assembles into a spherical oligomer comprised of 24 
subunits, while Hsp16.9 is dodecamer of two stacked hexameric disks.  The 
orientation of the Hsp16.9 C-terminal extension relative to the α-crystallin domain 
enables two different dimer packing arrangements; even though, the Hsp16.9 
and Hsp16.5 α-crystallin domain folds are similar (van Montfort et al. 2001).  The 
capacity to form higher order oligomers is further enhanced by patching 
hydrophobic grooves on the N-terminal edge of the α-crystallin domain (van 
Montfort et al. 2001).  Also in the Hsp16.9 monomer, the N-terminal domains 
interact by forming loosely packed helical knots, which function to stabilize the 
dodecamer (van Montfort et al. 2001).   
 
Determinants of sHsp oligomer polydispersity 
As demonstrated by CryoEM, the α-crystallins and Hsp27 display particles 
with different sizes and symmetries (Haley et al. 2000).  The fold of the α-
crystallin domain is conserved in sHsps, but the variable N-terminal domain has 
evolved to control subunit packing and oligomer dynamics (Mchaourab et al. 
2009).  Mammalian sHsps, such as α-crystallin and Hsp27, readily exchange 
subunits between oligomers (Bova et al. 2000).  The subunit exchange 
mechanism involves equilibrium dissociation and reassociation of small 
multimers.  For example, N-terminal domain deletion in αA-crystallin and Hsp27 
results in oligomer dissociation to dimers and tetramers that are incapable of 
further subunit exchange.  These studies support a role for the N-terminal 
sequence elements in mammalian sHsp oligomerization and dynamics.   
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Moreover, N-terminal domain phosphorylation induces changes in 
oligomer size.  For example, the N-terminal residues S15, S78, and S82 of 
Hsp27 and S19, S45, and S59 of αB-crystallin are phosphorylation sites for 
stress related MAPKAP kinases 2/3 (Stokoe et al. 1992; Clifton et al. 1996; 
Arrigo et al. 2007).  Stress-induced phosphorylation of Hsp27 causes its oligomer 
to dissociate into dimers, but it is worth noting that dissociation to tetramers has 
also been reported in the literature (Rogalla et al. 1999). Unlike Hsp27, αB-
crystallin does not dissociate into discrete dimeric or tetrameric species, but 
dissociation results in a continuum of small sized multimers (Ito et al. 2001).  In 
contrast, plant sHsps are not phosphorylated in response to stress and no 
phosphorylation induced size changes are observed (Suzuki et al. 1998).  In 
short, these results clearly show that N-terminal residues play an important role 
in sHsp oligomer plasticity.   
Case in point, acidic residues such as Glu41 which is highly conserved in 
Hsp27 and αB-crystallin modulate oligomer plasticity.  In the E41C mutant of 
Hsp27, the large undissociated oligomer is stabilized on both wild-type and 
phosphorylation mimic (S15D, S78D, S82D) backgrounds (Shashidharamurthy et 
al. 2005).  The effect of the E41C mutant in the phosphorylation mimic (S15D, 
S78D, S82D), where normally serine to aspartate substitutions enhance 
dissociation of Hsp27 is particularly intriguing.  An N-terminal sequence 
alignment was performed in order to identify additional N-terminal residues 
associated with the dynamic behavior of the Hsp27 and α-crystallin oligomers.  
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The sequence alignment, of Hsp27 and lens αA- and αB-crystallin, revealed a 
unique peptide insertion (residues 58 to 70), referred to as the P1 peptide (Fig. 1) 
(Shashidharamurthy et al. 2005).  The P1 peptide is composed of numerous 
redundant alanine and proline residues.  Since the P1 peptide is unique to 
Hsp27, this sequence insertion was postulated to participate in oligomer 
dynamics. Similar to the E41C mutant, P1 peptide deletion, in both wild-type and 
phosphorylation mimic backgrounds, stabilizes the large undissociated oligomer.  
An N-terminal domain sequence insertion was also identified in Saccharomyces 
cerevisiae Hsp26.  The N-terminal domain of Hsp26 was subdivided into two 
domains, the N-terminal domain (NTD) and middle domain (MD) (Haslbeck et al. 
2004b; White et al. 2006).  The MD of Hsp26 is comprised of a short glycine-rich 
sequence (residues 25 to 31).  Deletion mutants cause the Hsp26 oligomer to 
dissociate into dimers. These results indicate that unique N-terminal sequence 
insertions (MD of Hsp26 & P1 peptide of Hsp27) are important for oligomer 
plasticity of both Hsp26 and Hsp27.                                                        
   
 
 
 
Figure 3.  An N-terminal sequence alignment for human αB-crystallin (hαB), 
αA-crystallin (hαA) and Hsp27.  The unique P1 peptide insertion of Hsp27 is 
highlighted in red.  Gray shaded regions represent conserved residues. The 
sequence alignment was generated with CLUSTAL W in the biology workbench 
program package. (Thompson et al. 1994; Subramaniam 1998) 
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To further examine the role of the P1 peptide in oligomer plasticity, this sequence 
element was transposed into the rigid and monodisperse Methanococcus 
jannaschii Hsp16.5 (Shi et al. 2006).  The P1 peptide was inserted at two 
positions within the N-terminal domain of Hsp16.5 (Fig. 2).   The first insertion 
occurred between residues Glu12 and Arg13.  As a result, the size of the oligomer 
increased from 410 to 650 kDa along with a concomitant increase in 
polydispersity.  This polydisperse oligomer is referred to as Hsp16.5-P1N.  The 
next position of P1 peptide insertion was between residues Thr33 and Gly34, 
which is located at the junction between the N-terminal and α-crystallin domains.   
A monodisperse oligomer was formed which was double the mass (~850 kDa) of 
wild-type Hsp16.5.   
Figure 4.  The insertion of the P1 peptide from Hsp27 into the N-terminal 
domain of Hsp16.5.  An N-terminal sequence alignment for human Hsp27, 
αB-crystallin (aBcryst), and Methanococcus jannaschii Hsp16.5.  The P1 
peptide sequence insertion of Hsp27 is highlighted in red.  The position of P1 
to create Hsp16.5-P1N is highlighted in green and Hsp16.5-P1 in magenta. 
The sequence alignment was generated with CLUSTAL W in the biology 
workbench program package. (Thompson et al. 1994; Subramaniam 1998) 
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This monodisperse oligomer is referred to as Hsp16.5-P1.  The Hsp16.5-P1 
oligomer had 48 subunits, twice the number of subunits in wild-type Hsp16.5 (24 
subunits). Site-directed spin labeling EPR and CryoEM show the two subunits in 
the dimeric building block are not equivalent (Shi et al. 2006; Mchaourab et al. 
2009).  Also, the position of the C-terminal extension changed creating new 4-
fold openings.  These new openings are not observed in wild-type Hsp16.5.  The 
novelty of this experiment lies in the ability to transform a rigid monodisperse 
oligomer (wild-type Hsp16.5) to a polydisperse and dynamic species (Hsp16.5-
P1N), by changing the N-terminal domain of Hsp16.5.  As a result, the contact 
point between the C-terminal extension and the dimer interface changes, 
increasing oligomer plasticity.  This speaks to biological relevance, because the 
mammalian sHsps Hsp27 and αA- and αB–crystallin are dynamic and 
polydisperse oligomers.  This is in sharp contrast to the symmetric and 
monodisperse archael assembly.  The N-terminal domains of mammalian sHsps 
have undergone extensive sequence divergence; while preserving the fold of the 
α-crystallin domain.  This implies that the N-terminal domain has evolved to 
control the packing symmetry of subunits in order to create versatile oligomeric 
assemblies.  Relative to wild-type, Hsp16.5-P1N and Hsp16.5-P1 have greater 
affinity for destabilized substrate (Shi et al. 2006).  These results are evidence 
that oligomeric structure is related to chaperone activity. 
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The mechanism of substrate recognition and binding in sHsps 
All molecular chaperones bind substrate proteins in their non-native state; 
however, individual families of molecular chaperones differ in their mechanism of 
substrate recognition and binding (Mchaourab et al. 2009).  sHsps can bind 
substrate proteins, in their non-native state, without the input of ATP.  The 
capacity for binding is one substrate protein per sHsp subunit of equal molecular 
mass (Horwitz 1992; Mchaourab et al. 2009).  Small heat shock proteins form 
complexes with their substrate (Horwitz 1992; Ehrnsperger et al. 1997b; Lee et 
al. 1997).  The release and refolding of substrate, from the complex, is the 
responsibility of Hsp70 (Lee and Vierling 2000).  Therefore, the role sHsps, in the 
molecular chaperone network, is to create a reservoir of refoldable substrate 
(Arrigo and Muller 2002).   
In order to understand the mechanism of sHsp chaperone function, the 
amount of light scattering that is produced by aggregating substrate proteins is 
measured after thermal or chemical denaturation (Horwitz 1992; Jakob et al. 
1993; Lee et al. 1997; Pivovarova et al. 2005).  Of primary importance is that 
model substrate proteins are exposed to conditions that promote unfolding, 
aggregation, and precipitation.  The efficiency of sHsp chaperone activity is a 
function of the reduction in substrate light scattering in the presence of sHsp.  
These chaperone assays are often performed under nonequilibrium conditions 
(Sathish et al. 2003; Shashidharamurthy et al. 2005; Mchaourab et al. 2009).   
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The use of light scattering as the observable is a reflection of the kinetic 
partitioning of aggregated substrate and substrate bound to the sHsp 
(Mchaourab et al. 2009).   Adequate determination of binding or structural 
parameters is hindered, because these assays are performed under strongly 
denaturing conditions.  As a result, denaturing conditions promote the existence 
of heterogeneous ensembles of bound substrates that differ in conformation.  
Another complicating factor is that the chances of strongly denaturing conditions 
affecting the structural and functional integrity of the sHsps themselves are 
increased.  Mutations in substrate proteins can shift the folding equilibrium 
toward non-native states.  Many of these non-native states are structurally similar 
to the native state but differ in UGunf (Mchaourab et al. 2002; Sathish et al. 
2003).  Therefore, under conditions that favor the native state, it is more 
physiologically relevant to have assays that detect excursions toward these non-
native states (Mchaourab et al. 2009).  Often these non-native states precede the 
nucleation of aggregation (Mchaourab et al. 2002).  Based upon this reasoning, 
sHsp binding is induced by gradually reducing the equilibrium folding constant of 
the substrate until a sHsp/substrate complex is formed (Mchaourab et al. 2002). 
With this in mind, a chaperone assay was developed, which utilized site-
directed mutagenesis to produce incremental changes in protein stability of the 
model substrate T4 lysozyme (T4L).  In this chaperone assay, a library of 
destabilized T4L mutants was constructed that differ in their UGunf by 1 kcal/mol.   
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For instance, D70N has a free energy of unfolding of 5.1 kcal/mol, L99A has its 
free energy of unfolding at 6.4 kcal/mol, while L99A/A130S has its free energy at 
7.7 kcal/mol.  Each of these destabilized T4L mutants was structurally similar to 
wild-type T4L (Mchaourab et al. 2002).  Within each mutant, a cysteine residue 
was introduced at a non-destabilizing solvent-exposed surface site.  This site is 
for the attachment of a spin or fluorescence label, which is able to detect the 
sHsp/substrate complex.  For example, the complex between αA-crystallin and 
spin labeled T4L was detected by analyzing changes in electron paramagnetic 
resonance (EPR) lineshape (Mchaourab et al. 2002).  αA-crystallin binds more 
extensively to the destabilized T4L mutants.  The αA-crystallin/T4L complex is 
formed when the free energy of binding to αA-crystallin is similar to the free 
energy associated with the transition from excited to native state.   
Two distinct modes of binding were detected, and each mode was 
associated with the recognition of a different conformational state of T4L by αA-
crystallin.  The highly destabilized T4L mutants activate a low-affinity sHsp 
binding mode, in which each sHsp subunit binds a monomer of T4L (Mchaourab 
et al. 2009).   The high affinity sHsp mode is characterized by four sHsps 
subunits binding a monomer of T4L (Mchaourab et al. 2009). Spin-labeled T4L 
mutants within the α-crystallin complex display increased inter-residue distances 
across the T4L active site interface (Claxton et al. 2008).  The increase in the i, i 
+ 4 helical distances implies significant unfolding in α-crystallin bound T4L.   
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Two mode binding to destabilized T4L mutants was also observed with αB-
crystallin, Hsp27, and Hsp16.5 (Koteiche and Mchaourab 2003; Sathish et al. 
2003; Shashidharamurthy et al. 2005). Models for sHsp chaperone activity 
show that recognition and binding of substrate, in its non-native state, involves 
changes in the oligomeric state of sHsp. A coupled thermodynamic equilibrium 
describes the sHsp chaperone activity (Shashidharamurthy et al. 2005; Koteiche 
and Mchaourab 2006; Mchaourab et al. 2009).  The minimalist model includes 
the substrate folding equilibrium (I) , sHsp oligomeric equilibrium (II), and the 
equilibrium binding between sHsp and substrate non-native states (III).  
 N⇌ I1 ⇌ … ⇌Ii ⇌U              (I) 
sHsp ⇌ (sHsp)activated              (II) 
(sHsp)activated  +  ( )1IU    ⇌ ( )1CCu              (III) 
Equation (I) describes substrate in its native (N), partially unfolded 
intermediate (I1….Ii), and fully unfolded states (U).  Equation (II) describes the 
transition of the sHsp to its activated high affinity binding state.  In the case of 
Hsp27, the activated state is the dimer.  Both equations (I) and (II) are coupled to 
yield equation (III).  Equation (III) describes the binding of the activated state of 
the sHsp to partially (I) or globally unfolded (U) states of the substrate.  With age, 
mutations occur in the substrate, which shifts the equilibrium of equation (I) 
toward non-native states.  There is an energetic preference of the substrate, in its 
non-native state, to bind with sHsps as oppose to folding to the native state N.   
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The equilibrium of equation (II) is shifted toward the activated state of the sHsp 
increasing its affinity for binding to substrate.  Equation (II) represents 
dissociation of the sHsp (Hsp27) from a large oligomer to the dimer or expansion 
of the sHsp oligomer (Hsp16.5-P1).  As a result, a sHsp/substrate complex is 
formed.  Substrate binding sites have been reported in the N-terminal and α-
crystallin domains (Sharma et al. 1997; Stromer et al. 2004; Fu and Chang 2006; 
Ghosh et al. 2006; Shi et al. 2006; Jaya et al. 2009b).  To access N-terminal 
substrate binding sites, structural rearrangements must take place within the 
sHsp oligomer.  Substrate is capable of accessing binding sites by way of two 
possible mechanisms, static and dynamic (Mchaourab et al. 2009).  In the static 
mechanism, as observed in the engineered variant Hsp16.5-P1, expansion 
occurs in the oligomeric assembly.  Consequently, large openings appear in the 
outer shell of the oligomer, which facilitates substrate access to N-terminal 
binding sites (Shi et al. 2006).  This transition to the activated high affinity state is 
accompanied by an increase in the apparent affinity for destabilized substrate as 
compared to wild-type Hsp16.5.  Alternatively some sHsps, such as Hsp27, 
utilize a dynamic mechanism; in which signals from stress pathways result in 
equilibrium dissociation of its oligomer.  The transition to the stress activated high 
affinity state results in increased apparent affinity for substrate 
(Shashidharamurthy et al. 2005).  These mechanisms imply that sHsp oligomer 
is structurally flexible, serving as a switch activated by stress.   
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The role of sHsps in disease 
Regulation of sHsp structural dynamics and substrate binding affinity is of 
critical importance in response to stress and aging.   If this regulation is inhibited, 
marginally stable proteins can aggregate.  In this event, the molecular chaperone 
and degradation machinery is overwhelmed, leading to disease state (Gidalevitz 
et al. 2006a).  However, mutation of sHsps can cause a prolonged high affinity 
state which promotes equilibrium substrate unfolding.  For instance, the 
hereditary cataract αA-crystallin R49C and R116C mutants have been reported 
to shift the T4L folding equilibrium in favor of non-native T4L intermediates 
(Koteiche and Mchaourab 2006). These gain of function type mutations, in 
sHsps, are associated with cataract, cardiaomyopathies, desmin-related 
myopathies, and Charcot-Marie-Tooth disease (Vicart et al. 1998; Evgrafov et al. 
2004; Arrigo et al. 2007; Xi et al. 2008).  Research in sHsps was stimulated by 
their role in the development of misfolding disorders such as Parkinson’s, 
Alzheimer’s, and Huntington’s diseases (Sherman and Goldberg 2001; 
Wyttenbach et al. 2002; Muchowski and Wacker 2005).  Since sHsps play a role 
in neurodegenerative disease, myopathies, cataracts, and cancer, extensive 
research has been aimed at therapeutic strategies for modulating sHsp 
expression and activation (Arrigo et al. 2007). 
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Research Overview 
 
Mammalian sHsps, such as Hsp27, form polydisperse and dynamic 
oligomers that readily undergo equilibrium subunit exchange (Bova et al. 2000).  
Hsp27 is unique in its ability to dissociate from an ensemble of oligomers to a 
dimer (Lambert et al. 1999; Theriault et al. 2004; Mchaourab et al. 2009).  The 
dissociation of the Hsp27 oligomer is mediated by perturbation of relatively weak 
subunit contacts.  N-terminal truncation studies in Hsp27 implicate the N-terminal 
domain in the global assembly of the oligomer from smaller multimeric units 
(Berengian et al. 1999; Bova et al. 2000).  Phosphorylation of N-terminal Ser15, 
Ser78, Ser82 destabilzes the Hsp27 oligomer, because the N-terminal domain is 
presumed to be located within the solvent shielded core of the Hsp27 oligomer.  
Therefore, in a low dielectric environment unpaired charges likely result in Hsp27 
oligomer dissociation.  The change in Hsp27 oligomeric state is important for 
substrate recognition and binding (chaperone activity) (Shashidharamurthy et al. 
2005).   The purpose is to transition the Hsp27 oligomer to a binding competent 
state (dimer); consequently, a change occurs in the accessibilty to N-terminal 
substrate binding sites.  Studies from our laboratory utilized T4 Lysozyme (T4L) 
as a model substrate (Mchaourab et al. 2002; Sathish et al. 2003; 
Shashidharamurthy et al. 2005; Koteiche and Mchaourab 2006).  These studies 
revealed that dissociation of the Hsp27 oligomer into dimers is accompanied by 
an increase in affinity for  substrate (Shashidharamurthy et al. 2005).   
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Little is known about the structural changes and sequence determinants, in the 
N-terminal domain, that induce oligomer dissociation and underlie the increased 
affinity of Hsp27 dimers for substrate.  In this dissertation work, N-terminal 
residues were mutated to cysteines and subsequently spin labeled with 
methanethiosulfonate (MTSSL) and 3-(2-Iodoacetamide)-proxyl (IAP).   Electron 
paramagnetic resonance (EPR) studies determine the structure and environment 
of the N-terminal domain after dissociation from the large oligomers to the 
binding competent dimer.  Cysteine mutagenesis identified residues that 
modulate the equilibrium dissociation of Hsp27.  Motionally restricted EPR 
spectra were observed for N-terminal sites in the ensemble of large oligomers 
(Hsp27-WT).  This EPR lineshape is consistent with a buried location, which is 
involved in extensive subunit contacts.  EPR lineshapes, for the corresponding 
N-terminal residues in the dimer (Hsp27-D3), are less motionally restricted.  The 
EPR data indicates that large segments of the N-terminal domain loose steric 
restriction, after oligomer dissociation to the dimer.  Solvent accessibility, to 
nickel (II) ethylenediaminediacetate NiEDDA, was utilized to determine the 
environment of the N-terminal domain in the context of the large oligomers 
(Hsp27-WT) and after dissociation to the dimer (Hsp27-D3).  NiEDDA is soluble 
in the aqueous phase and excluded from the sterically packed oligomer core of 
proteins (Altenbach et al. 2005).   NiEDDA accessibility is significantly attenuated 
in Hsp27-WT, due to the buried location of the N-terminal domain.  In contrast, a 
dramatic increase in NiEDDA accessibility was observed for Hsp27-D3.   
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The accessibility data shows that after dissociation the N-terminal domain 
transitions from its solvent shielded environment to a more exposed environment.   
Binding of the model substrate T4L causes Hsp27 dimers to reassemble into 
large oligomers; as a result, the N-terminal domain becomes sequestered within 
the Hsp27/T4L complex.   
Mutagenic analysis revealed aspartate, glutamate, arginine, proline, 
glycine, and tryptophan residues that are capable of influencing the Hsp27 
dissociation equilibrium.  These residues may be involved in interactions that 
produce structural elements important for the stabilization of the large oligomer.  
The dissertation results define the structural role of the N-terminal domain in 
Hsp27 oligomer dynamics and chaperone activity.      
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CHAPTER II 
 
ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY (EPR) 
 
Theory of EPR 
 
Electron Spin State in a Magnetic Field 
In an external magnetic field Ho, the electron has both a spin angular 
momentum S and a magnetic moment μ.  The vectors describing μ and S are 
related by the following equation: 
     μ = - γS     (1) 
where γ is the gyromagnetic ratio, an intrinsic property that determines the 
resonant frequency of the electron in Ho. The electron will precess about Ho due 
to the torque generated by the interaction of μ with the magnetic field.  Ho is in 
the z-direction, and the components for the magnetic moment vectors are given 
by the following equations: 
     yo
x H
dt
d μγμ −=     (2) 
     xo
y H
dt
d μγμ =     (3) 
     0=
dt
zdμ      (4) 
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According to the Larmor theorem, the angular frequency for precession of an 
electron about Ho is represented by the equation: 
      ωo = γHo     (5)  
ωo is the characteristic Larmor frequency (Larmor 1900).  If ωo is substituted into 
equations 2, 3, and 4 then each equation is rewritten as, 
     tox ωμ cos=      (6) 
     toy ωμ sin=      (7) 
     constant=zμ     (8) 
These equations state that a precessing magnetic moment in the z-directions has 
an angular momentum that is constant, but the x- and y- components of the 
angular momentum can not be precisely defined.  Therefore, the x- and y- 
components will vary sinusoidally (Atherton 1973).  By virtue of the fact that an 
electron has a primary spin quantum number of S = 2
1  and two secondary spin 
quantum numbers ms = ± 2
1 , the magnetic moment will have two allowed 
orientations, each with a different energy (Fig. 1).  Each orientation corresponds 
to the two spin states of an electron α (Eα = + 21 geβeHo) and β  (Eβ = - 21 geβeHo).  
The energy difference between α and β is given by 
oeHh βυ egE ==Δ     (9) 
 
 where h is the Planck’s constant (6.62607 x 10-34 J• S), υ is the frequency of 
electromagnetic radiation applied perpendicular to the external magnetic field 
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(Ho), ge is the Lande electron g-factor for an unbound electron which is 2.0023, 
and βe is the Bohr magneton with a value of 0.92 x 10-23 J/T.   
 
 
 
 
 
 
 
Transitions between α and β are induced by electromagnetic radiation with the 
appropriate amount of energy that is proportional to the energy difference 
between the two spin states (UE = geβeHo).   The measurement of this energy 
difference is the basis of the EPR experiment.    
In a typical EPR experiment, an electron is precessing about Ho, and a 
second magnetic field H1 is added to the system.  H1 is much weaker than Ho, 
and H1 is rotating with an angular momentum ω in the xy-plane.  ωo is the 
frequency of electromagnetic radiation with an energy that corresponds to the 
energy difference between spin states α and β of an electron in a magnetic field.  
When ω is equal to ωo, then μ and H1 will both be in phase.   
 
Energy
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Figure 5.  An energy level diagram for an electron in an external magnetic field.  
Electromagnetic radiation with energy proportional to UE induces transitions 
between the two energy states α and β. 
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As a result, the electron will be influenced by H1 causing the downward 
movement of μ.  The projection of μ has changed from the +z direction to the –z 
direction, of Ho, by spiraling downwards through the xy-plane.   Once the 
maximum value of -z is obtained the magnetic moment will spiral up towards the 
+z direction, of Ho.  The magnetic moment of the electron will alternate between 
the +z and –z direction as long as H1 is present (Atherton, 1973).  During a 
transition between α and β, the electron is absorbing energy from H1, and μ of 
the electron reorients itself in the magnetic field. This phenomenon is called the 
resonance condition in which energy is continually exchanged between the two 
spin states α and β of the electron.  The spin state with the lowest energy, β 
corresponds to the magnetic moment which is parallel to the magnetic field.  The 
energy difference between the electron spin states is in correspondence with 
magnetic fields in the microwave region.  The most commonly utilized frequency 
is 9.8 GHz, which corresponds to an X-band spectrometer.  Higher frequencies, 
such as Q-band (34 GHz), increase the sensitivity of the EPR experiment.   
 
Hyperfine Interactions 
In quantum mechanical terms, the energy associated with this interaction 
is described by the Zeeman Hamiltonian, Ĥ.  
Ĥ = geβeHzSz         (10) 
where g is the electron g-factor, β is the Bohr magneton, Hz is an external 
magnetic field along the z-axis, and Sz is the electron spin operator.   
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The spin states of an electron influenced solely by the force of an applied 
magnetic field are described by equation (10).  Nevertheless, this description is 
not completely true, because electrons in molecules are influenced by a variety 
of magnetic interactions.  These interactions can increase the number of spin 
states and influence the lineshape of the EPR spectrum.  To account for all of the 
magnetic interactions that can induce transitions between the spin states; 
additional spin operators are added to equation (10).    In biological systems, 
nitroxide free radicals and transition metals are commonly employed in EPR 
experiments.  These molecules are paramagnetic because they contain unpaired 
electrons.  In the vicinity of the unpaired electron, there is an atomic nucleus 
which has a magnetic moment associated with it.  The nuclear spin moment is 
described by a primary quantum number I, so there are 2I+1 possible spin states 
for the nucleus.  For example, 14N has a primary spin quantum number I = 1; 
hence, 14N will have three secondary spin quantum numbers mI = -1, 0, and +1.  
The magnetic moment of 14N is restricted to three possible orientations with 
respect to the magnetic field.  Therefore, three nuclear spin states are possible 
each characterized by a nuclear Zeeman interaction energy of ±1gnβnHz and 
0gnβnHz. For experiments involving nitroxide spin radicals, the magnetic moment 
of the electron can interact with the magnetic moment of the nitrogen.  This 
interaction is referred to as the hyperfine interaction (Bersohn and Baird 1966).  
The energy associated with the hyperfine interaction is described in quantum 
mechanical terms by introducing additional spin operators into the Zeeman 
Hamiltonian.   
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  Ĥ = geβeHzSz – gnβnHzIz + AoSzIz      (11) 
The subscripts e and n refer to nuclear and electron g-factors and Bohr 
magnetons.  Iz is the nuclear spin operator.  The interaction energy between the 
unpaired electron and the nitrogen nucleus is described by the isotropic hyperfine 
coupling constant Ao.  Essentially, Ao describes the coupling of the electron and 
nuclear spin moments.  As a direct result of the hyperfine interaction, the two 
spin states, α and β, of the electron are split into six additional spin states.  The α 
spin state is split into Ms = + 2
1 ,  MI = ±1, and MI = 0, and the β state is split into 
Ms = - 2
1 ,  MI = ±1, and    MI = 0 (Fig. 2).   The Ms = - 2
1 ,  MI = ±1, and MI = 0 
spin states are lower in energy because the nuclear and electron moments are 
aligned parallel to the magnetic field.  The resulting hyperfine spectrum originates 
from transitions between the six spin states (Smith et al. 1959).  While a single 
line is observed when only an electron interacts with the magnetic field; the 
hyperfine interaction creates multiple lines.  The number of transitions between 
the spin states is determined by selection rules due to the conservation of 
angular momentum (Bersohn and Baird 1966).  The allowed transitions Ms = ±1 
and MI = 0 require absorption of energy and occur readily.  The electron spin 
state and not the nuclear spin state can change.  Thus, three lines of equal 
intensity are observed in the spectrum.  The spacing of the three lines, which 
represent the allowed transitions, differs in energy by the amount of Ao.  
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 There are two types of hyperfine interactions: Fermi contact and dipolar.  
The Fermi contact interaction describes the magnetic field of an unpaired 
electron in the region of the nucleus.  This is a strong electrostatic interaction that 
is proportional to the delocalization of electron density at the nucleus.  The Fermi 
contact interaction has no directionality because it is orientation independent; 
therefore, it is always isotropic.  In equation (11), the Fermi contact term is 
AoSzIz.  The Hamiltonian representing the Fermi contact energy is expressed as, 
      Ĥ = +
3
8π  geβegnβn ( ) ze
en
en SIrr∑ −
,
δ          (12) 
 
 
 
 
 
 
 
 
 
In most paramagnetic molecules, the size of the splitting of Ao will vary because 
of the shape of atomic p orbitals, d orbitals, and π molecular orbitals (Bersohn 
and Baird 1966).   
Energy
α
β
MI
+1
+1
-1
-1
0
0
Ms = + 21
Ms = - 21
Figure 6.  An energy level diagram illustrating the effects of the hyperfine 
interactions on the magnetic energy of the electron.  The interaction between 
the magnetic moment of the electron and the 14N nucleus increase the number of 
electron spin states.  The blue vertical arrows indicate allowed transitions.   
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These types of orbitals have very little electron density at the nucleus.  However, 
s orbitals are spherical and more electron density is located at the nucleus.  
Essentially, an unpaired electron located within the orbital of one atom, in a 
paramagnetic molecule, can polarize the spins of another atom’s orthogonal 
orbital (Drago 1992).  The amount of electron density located at the nucleus 
contributes to the size of the Ao splitting.  The second type of hyperfine 
interaction is the dipolar interaction.  This interaction is concerned with the 
magnetic field experienced by the electron due to vicinity of the nucleus.  The 
dipolar interaction is represented by the following Hamiltonian: 
 Ĥ = ( )( )⎟⎠
⎞⎜⎝
⎛ −− 23 3 r
rSrISI
r
gg zz
zz
nnee ββ           (13) 
where r is radius vector from the nucleus to the electron.  If the paramagnetic 
species tumbles rapidly, the dipolar interaction causes the magnetic field of the 
nucleus, at the electron, to average to zero.  Therefore, the dipolar hyperfine 
splitting can only be measured in viscous solutions, where rapid tumbling of the 
paramagnetic species is reduced.   
Hyperfine interactions are classified as isotropic and anisotropic.  The 
concept of isotropic interactions was previously introduced during the discussion 
on Fermi contact interactions.  In contrast to isotropic interactions, anisotropic 
interactions are dependent upon the orientation of the magnetic field with respect 
to the molecular axis.  To understand the anisotropic nature of hyperfine 
interactions, a nitroxide spin label is placed at the center of a molecular 
coordinate system (Fig. 3).  The nitroxide free radical was chosen as an 
example, because the unpaired electron is localized into a non-spherical orbital. 
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As a consequence, the electron g-factor and Ao are orientation dependent within 
the external magnetic field.  According to Figure 3, the unpaired electron is 
localized in an atomic p orbital along the z-axis, and the N-O bond is in the x-
direction.  The external magnetic field Ho is normal to the plane and forms two 
angles θ and Φ (Fig. 3).       
 
 
 
 
 
 
 
 
 
The tensors g and A represent the electron g-factor and Ao, respectively.  Due to 
the coupling of the spin angular momentum with the orbital angular momentum, 
the g-factor becomes anisotropic.  The g-factors for bound electrons are different 
from free electrons due to the chemical environment of the paramagnetic 
molecule (Bersohn and Baird 1966).  Therefore, the g-tensor is represented by 
the matrix,  
N O x
y
z
Hoθ
Φ
Figure 7.  The nitroxide spin label located within a molecular coordinate 
system.  The unpaired electron is localized with in a p orbital along the z-axis.  
The N-O bond is located along the x-axis.  The external magnetic field Ho forms 
two angles θ and Φ with the x- and y-axes. 
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zzzyzx
yzyyyx
xzxyxx
ggg
ggg
ggg
g =          (14) 
The x, y, and z components are defined within the laboratory frame, which is 
located along the axes of the molecular coordinate system.   
For instance, the off-diagonal element gzx represents the contribution to g along 
the z-axis, when the field is applied along the x-axis (Drago, 1992).  The 
diagnonalized g-tensor matrix is given by, 
   
zz
yy
xx
g
g
g
g
00
00
00
=       (15) 
and the three principle g-tensor components are gxx, gyy, and gzz.  If the g-tensor 
is written as a function of θ and Φ; then, the effective values of g are represented 
by,  
  geff = gxxsin2θcosΦ + gyysin2θsin2Φ + gzzcos2θ         (16) 
Similarly, the A-tensor is orientation dependent and can be represented by a 3 x 
3 matrix, which is also diagonalized.  There are three principle A-tensor 
components Axx, Ayy, and Azz.  An effective value for the A-tensor which is a 
function of θ and Φ is represented by,  
  Aeff = [A2xxsin2θcos2Φ + A2yysin2θsin2Φ + A2zzcos2θ]1/2  (17) 
Since the g-factor and Ao are anisotropic, the observed spectrum is a function of 
the orientation of the nitroxide free radical in the magnetic field.  To better 
understand this principle, it is best to begin with a crystal of nitroxide molecules 
each having the same orientation.  It is important to assume the system is spin 
dilute; so, no interactions occur between spins.   
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If the crystal is crushed into a fine powder, the resulting spectrum will be 
representative of all molecular orientations (Millhauser et al. 1995).  This type of 
spectrum is referred to as a powder pattern.  It is only observed for randomly 
oriented nitroxides in the absence of molecular motion.  The spectrum is so 
broad that only the Azz splittings are resolvable.  In dilute solutions, the nitroxide 
molecules are capable of rapid molecular motion.  The g- and A-tensors are 
averaged over time, in this fast motion regime.  The average geff and Aeff 
anisotropy is determined from the following equations: 
   geff =  (gxx + gyy + gzz)/3     (18) 
            Aeff = (Axx + Ayy + Azz)/3      (19) 
The g- and A- values become isotropic and independent of orientation.  The 
spectrum will have three evenly spaced lines.   
 
Relaxation Phenomena and Lineshape 
An oscillating magnetic field H1 can induce transitions from the lower 
energy state β to the higher energy state α.  This transition involves the 
absorption of energy.  An ensemble of electron spins can be divided into two 
populations.  One population possesses energy in the α state and the other 
population in the β state.  When the α and β state populations are equal, the 
amount of energy absorbed will equal the amount emitted.  In this event, there is 
no energy difference between the α and β state; therefore, no observable EPR 
signal is detected.   
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A resonance absorption signal can only be detected when the population of the 
lower energy β state is larger than that of the higher energy α state.  If an 
electron spin system is placed in a magnetic field at constant temperature and 
allowed to approach equilibrium, the resulting spin system is now at thermal 
equilibrium.  At thermal equilibrium, the population in the upper state α relative to 
the population in the lower state β is described by the Boltzmann distribution law 
(Bersohn and Baird 1966).   
   ( )( ) kT
E
e
N
N Δ=β
α       (20) 
where N(α) and N(β) are the number of electron spins in each state, k is the 
Boltzmann constant (1.38 x 10-23 J/K-1), T is the absolute temperature in kelvins, 
and UE is the energy difference between the two states.    
Changes in the strength of the magnetic field will shift the electron spin 
system from thermal equilibrium.  An ensemble of electron spins, in a magnetic 
field, has a bulk magnetization, M.  In the absence of a magnetic field, the 
electron spin states are degenerate, and M is equal to zero.  However, at thermal 
equilibrium the spin system is dynamic and any given electron spin is rapidly 
changing its orientation with respect to the magnetic field.  Electron spins are 
capable of interacting with their environment, which is referred to as the spin 
lattice.  Fluctuating magnetic fields emanating from the spin lattice induce 
transitions between the α and β energy states.  Consequently, the population of 
spins in each energy state changes.   
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The spin system tries to restore thermal equilibrium by transferring energy 
between the lattice and spin system (Blumberg 1960).  Spin-lattice relaxation is 
the process that restores the spin system to thermal equilibrium.  Electron spins 
are also capable of interacting with each other; thereby, inducing transitions 
between the energy states α and β (Solomon 1955).  This process is referred to 
as spin-spin relaxation.   
During the relaxation process, the bulk magnetization decays as a function 
of time.  The decay of magnetization is a first order process which is described 
by two first order rate constants, 1/T1 and 1/T2.  Relaxation times are the 
reciprocal of the rate constants.  T1 is the spin-lattice relaxation time (longitudinal 
relaxation time) and T2 is the spin-spin relaxation time (transverse relaxation 
time).  The Bloch equations describe the change in magnetization, as a function 
of time, during either T1 or T2 relaxation (Bloch 1966).  In the presence of an 
external magnetic field Ho, the bulk magnetization aligns along the z-axis.  An 
additional oscillating magnetic field H1 is applied perpendicular to Ho, and the 
corresponding Bloch equations are:       
( )
1
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Mo corresponds to the equilibrium value of the magnetization along the z-axis, Mx 
is the component of the magnetization along the x-axis, and My represents the 
magnetization component along the y-axis.  ω is the frequency of the oscillating 
H1 field.  The steady state solutions to the Bloch equations are: 
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ωo corresponds to the Larmor frequency, and ω1 is the angular frequency of H1.  
Under steady state conditions, H1 is weaker than Ho.  When ω1 is close to ωo, the 
magnetization vector is tipped toward the y-axis (Bloch, 1946).  Electron spins 
relax to equilibrium values along the z-axis and xy-plane at different rates.  For 
instance, the magnetization relaxes along the z-axis at a rate of 1/T1 while 
relaxing along the xy-plane at a rate of 1/T2 (Bloch, 1946).  The T1 relaxation 
process restores z-axis magnetization by transferring energy between the spin 
system and the lattice; however, T2 utilizes a different mechanism which is based 
upon phase coherence.  Magnetic interactions occur at individual electron spins 
causing them to experience slightly different local magnetic fields.  As a result, 
the frequency of each spin spreads out and must be gradually dephased.  The 
dephasing process exponentially decays with a time constant T2. 
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T1 and T2 processes affect the line width of the EPR signal.  T2 is 
experimentally determined from the line width and is related to the peak to peak 
first derivative line width UH (Farahbakhsh et al. 1992).  In general if the T2 
process is long, the line width is narrow.  Alternatively, if the T1 process is short 
the line width is broad. EPR line widths are classified into the two classes: 
homogenously broadened and inhomogenously broadened.  Spins within the 
same environment create homogenously broadened lines, because the energy 
absorbed from the microwave magnetic field is evenly distributed to all spins 
(Portis 1953).  Therefore, thermal equilibrium must be maintained through 
resonance.  Inhomogenously broadened lines are the result of spins in different 
environments.  In this case, the line widths are the result of variations in local 
magnetic fields, and the energy absorbed is transferred to a subpopulation of 
spins.  Only this subpopulation experiences fields which satisfy the resonance 
condition (Portis, 1953).  A portion of the inhomogenously broadened line may be 
selectively saturated, and its EPR signal intensity is reduced.  This event is 
referred to as burning a hole in the resonance line (Mims et al. 1961).  On the 
other hand, if a portion of the homogenously broadened line is selectively 
saturated; then the EPR intensity of the whole line is reduced.  A large increase 
in microwave power increases the line width of homogenously broadened lines.  
This effect is referred to as power broadening (Van Vleck 1948).  Consequently, 
the spins spend a shorter time in each energy level; due to the increased number 
of transitions between the energy levels.  The line width corresponding to a 
homogenously broadened line reflects the lifetime of a spin in each energy level. 
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The environment of the spin has an effect on the mechanism of relaxation.  
For example in the solid state, molecules of the crystal lattice are regularly 
ordered.  The molecules of the crystal lattice are connected to one another and 
coordinately undergo vibratory motion.  Each molecule’s vibrations are quantized 
and referred to as a phonon (Standley and Vaughan 1969).  The mechanism that 
causes changes in spin populations is the interaction between spins and 
phonons.  This effect is referred to as spin-orbit coupling.  In spin-orbit coupling, 
the magnetic field produced by the orbital of the electron interacts with the 
magnetic moment from the electron spin.  Surrounding molecules within the 
lattice obstruct orbital motion; thereby, the magnetic field experiences 
oscillations. The relaxation process is temperature sensitive, and lower 
temperatures are favored in order to preclude the competing Raman process.  In 
solids, dipolar interactions can occur between nuclear and electron spins (Leifson 
and Jeffries 1961).  As a result, electron spins are out of phase with each other 
broadening resonance lines.  This broadening effect is stronger in highly 
concentrated versus dilute paramagnetic samples.   
In contrast, the liquid state lacks the regularity observed in solids.  
Relaxation occurs by modulating spin dipolar interactions.  These interactions are 
effected by Brownian motion, introducing time dependence to these interactions.  
As a molecule tumbles, Fermi contact occurs between two electrons in close 
proximity to one another (Osheroff et al. 1972).  Consequently, fluctuations occur 
in the magnetic field that produce transitions between electron spin states.  When 
the spins rapidly tumble, T1 is equivalent to T2.   
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Increasing solution viscosity results in T1 not being equal to T2.  In this regime, 
interactions occur between the paramagnetic species and either neighboring 
nuclear or electron spin dipoles (Osheroff et al. 1972).  The lifetime of the spin in 
its spin state is decreased; therefore, spin exchange is capable of affecting the 
line shape.  Lineshapes can be described as Lorentzian or Gaussian (Van Vleck 
1948; Pake 1962).  A Lorentzian lineshape arises when electrons are exchanged 
between paramagnetic species with their odd electrons in close proximity.  The 
Gaussian lineshape is the result of a distribution of neighboring spin magnetic 
moments being influenced by a variety of magnetic fields.  These field variations 
are the result of neighboring nuclei or electrons.  Hyperfine structure influences 
the lineshape of a spectrum. The Fermi contact interaction predominates when 
molecules are rapidly tumbling.  In rigidly immobilized molecules, Fermi contact 
and dipolar hyperfine interactions contribute to lineshape. 
 
EPR Spectroscopy Applications 
 
Site-directed Spin Labeling 
The spectrum of a nitroxide spin label is sensitive to the local environment 
in the vicinity of the label (Hamilton and McConnell 1968; Todd et al. 1989; 
Hubbell et al. 1998; Czogalla et al. 2007).  This is an extremely valuable tool for 
studying the structure and function of biological systems.   
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Site-directed spin labeling (SDSL) has emerged as an important technique for 
the study of water-soluble and membrane proteins (Altenbach et al. 1990; 
Mchaourab et al. 1996; Dong et al. 2005; Claxton et al. 2010).  The general 
methodology of SDSL involves mutating all the reactive endogenous cysteines to 
non-reactive alanines or serines.  The stratagem is to create a cysteine-free base 
mutant.  Into this base mutant, the individual residue of interest is mutated via 
site-directed mutagenesis to a cysteine residue (Fig. 8).  The cysteine residue is 
subsequently derivatized with a sulfhydryl specific nitroxide spin label (Fig. 8).  
 
 
 
 
 
 
 
 
 
 
     
 
Figure 8.  The basic strategy of SDSL.  The tryptophan residue is mutated to a 
cysteine.  The cysteine is derivatized with the MTSSL spin label. Consequently, 
the spin label is incorporated at the position of interest. 
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In theory, a nitroxide spin label can be positioned at any desired residue 
within the polypeptide chain. There are a variety of nitroxide spin labels such as 
1-oxyl-2,2,5,5-tetramethyl-U3-pyrroline-3-methyl) methanethiosulfonate (MTSSL) 
and 3-(2-iodoacetamido)-PROXYL (IAP) (Fig. 9). The MTSSL spin labeling 
reaction product is a side chain designated as R1, and IAP produces the R2 side 
chain (Fig. 9).  Analysis of the EPR spectra of both R1 and R2 provides 
information on the label environment by monitoring R1 and R2 mobility, solvent  
accessibility, polarity of the label’s immediate environment, and the distance 
between individual labels or a paramagnetic metal ion (Hubbell et al. 2000).   
That being the case, a set of sequentially labeled mutants provides a means to 
obtain global information on protein structure and dynamics (Hubbell et al. 2000).    
 
 
 
 
 
 
 
The mobility, polarity, and distance spectral parameters are inferred from 
the EPR spectral lineshape.  Detailed information about these spectral 
parameters is obtained from spectral simulation (Freed 1976).   
Figure 9.  The spin labeling reaction of MTSSL and IAP.  MTSSL produces a 
nitroxide side chain referred to as R1, while IAP produces the R2 side chain. 
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Experimentally, R1 and R2 mobility is measured by the inverse linewidth of the 
central resonance UHo-1, and by the spectrum’s inverse second moment <H2>-1 
(Mchaourab et al. 1996).  The polarity of the immediate environment, in the 
vicinity of the label, is proportional to the hyperfine splitting, Azz (Griffith et al. 
1974).  The distance between two nitroxide spin labels or a metal ion is 
determined by the static dipolar interaction.  A qualitative characteristic, of the 
dipolar interaction, is the broadened EPR lineshape and reduction in spectral 
intensity.  The separation distance, r between the paramagnetic centers is 
commonly determined by the deconvolution method (Steinhoff 2004).  Longer 
distance ranges up to 80 Å are experimentally determined using pulse EPR 
techniques such as double electron-electron resonance (DEER) (Jeschke et al. 
2004).  The solvent accessibility of R1 or R2 is determined from the collision 
frequency with paramagnetic reagents Ni(II)ethylenediaminediacetate (NiEDDA) 
and molecular oxygen (O2), which is expressed through the accessibility 
parameter Π (Farahbakhsh et al. 1992).  R1 and R2 collision frequency with 
these reagents reduces T1, a parameter of saturation (Altenbach et al. 2005). 
 
Spectral Parameter: Nitroxide Side Chain Mobility 
The EPR spectrum is sensitive to the rotational motion of the nitroxide 
side chain.  Spectra acquired with an X-band spectrometer display sensitivities to 
rotational motion in the range of 0.1 to 100 nsec time interval (Klug and Feix 
2008).  The rotational tumbling of a nitroxide in solution is governed by Brownian 
motion, which has a characteristic correlation time τR (Millhauser et al. 1995).  
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Rotational motion cause the magnetic fields experience by electron spins to 
fluctuate.  As a result, anisotropy of the g and A tensor components influences 
the range of EPR lineshapes observed.  This range is bound by two regimes 
motional narrowing and slow motion  (Millhauser et al. 1995).  At the motional 
narrowing limit (τR=0.1 nsec), all g and A tensor components are averaged and 
three sharp lines of approximately equal amplitude are observed (Millhauser et 
al. 1995; Klug and Feix 2008).  As the correlation time increases (τR=5 and τR=80 
nsec), the rotational motion decreases broadening the lines and reducing their 
amplitude.  These types of lineshapes are indicative of spectra with correlation 
times at the slow motion regime.                     
Rotational motion of the nitroxide is determined by three correlation time: 
τB, due to the motion of the nitroxide relative to the α-carbon backbone, τS, 
reflecting the motion of the α-carbon backbone, and τR, which is attributed to the 
entire protein (Mchaourab et al. 1996).  τR is affected by the size of the protein; 
for instance, protein complexes larger than 50 kDa will tumble very slowly.  In this 
case, τR will have a lesser effect on spectral lineshape.  The rotational diffusion of 
smaller proteins affects τR, which influences the observed EPR spectrum (Klug 
and Feix 2008).  To overcome this effect, EPR spectra is acquired in 30% 
sucrose solutions (Mchaourab et al. 1996).  The addition of sucrose increases 
solution viscosity which attenuates the rotational diffusion of the protein (Klug 
and Feix 2008).  Remarkably, the nitroxide’s rotational motion remains mostly 
unaltered (Mchaourab et al. 1996).   
 60
The addition of bulky substituents, to the nitroxide spin label, can reduce τS, due 
to α-carbon backbone motion (Mchaourab et al. 1996; Columbus et al. 2001).   
Of interest is the motion of the nitroxide side chain, because this motion is 
sensitive to tertiary contacts within the protein structure.  The MTSSL side chain 
(R1) is composed of five bonds with corresponding dihedral angles (χ1, χ2, χ3, χ4, 
χ5) between the nitroxide ring and the attachment point on the protein backbone 
(Fig. 10).  Facile rotation occurs about the two bonds associated with dihedral 
angles χ4 and χ5, with slow rotation about the disulfide bond χ3, and the 
interaction between Sβ and the Cα proton limit rotation about bonds associated 
with χ1 and χ2 (Langen et al. 2000; Czogalla et al. 2007; Klug and Feix 2008).  
Isomerization of the R1 side chain, of MTSSL, creates multicomponent EPR 
spectra.   
 
 
 
 
 
 
 
 
Figure 10.  The dihedral angles χ1-χ5 associated with the R1 side chain of 
MTSSL.  The two rotatable bonds are associated with angles χ4 and χ5 (red) 
and the Sβ/Cα interaction precludes rotation about the bonds associated with 
χ1, χ2, and χ3 (blue). 
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For example, crystal structures of R1-labeled T4 lysozyme (T4L)  mutants display 
two different components (Langen et al. 2000).  These conformations are 
attributed to two distinct rotamers of R1 (Langen et al. 2000).  Component α 
corresponds to a highly mobile population of R1 labels and β is a population 
undergoing motional restriction (Langen et al. 2000). 
Interesting spectral lineshapes are observed at sites where the nitroxide 
spin label is in tertiary contact with neighboring residues, as well as, buried sites 
within the protein core (Mchaourab et al. 1996; Mchaourab et al. 1997a; Koteiche 
and Mchaourab 1999).  Based upon the extent of interaction, the mobility of a 
nitroxide spin label can be classified as mobile, weakly immobilized, and strongly 
immobilized.  Spin label mobility varies with protein topography; therefore, 
regions along the protein fold are classified as buried, surface exposed, loops, 
and tertiary contact sites (Mchaourab et al. 1996; Hubbell et al. 1998).  The EPR 
lineshapes can be qualitatively classified as broad or narrow based upon the 
separation between the outer hyperfine extrema (2Azz) and the peak to peak 
width of the central line, UHo (Fig. 11). Broad EPR spectra with widely spaced 
outer hyperfine extrema (2Azz) indicate the spin label is immobilized (Fig. 11A).  
Spectra of this type is located within the protein interior (Mchaourab et al. 1996).  
Narrow EPR spectra have more closely spaced hyperfine extrema (2Azz) 
indicative of highly mobile spin labels (Fig. 11B).  Spin labels located within loops 
and on the protein surface display this type of spectra (Mchaourab et al. 1996).     
      
 
 62
 
 
 
 
 
          
Empirical parameters, which describe spectral lineshape, provide a 
snapshot of the protein fold (Hubbell et al. 1996; Mchaourab et al. 1996; Czogalla 
et al. 2007).  For example, the inverse of the peak to peak central line width 
(UHo-1) can be plotted as a function of residue number.  Plotting UHo-1 reveals 
secondary structural elements through the periodic sampling of exposed, buried, 
or steric contact environments as R1 is scanned across the polypeptide chain  
(Mchaourab et al. 1996; Koteiche et al. 1998). A periodicity of 2 is consistent with 
β-strands, while 3.6 periodicity is consistent with α-helical regions (Koteiche et al. 
1998).  Another empirical parameter is the inverse second moment <H2>-1  which 
describes the breadth of the spectrum (Mchaourab et al. 1996).  A plot of <H2>-1 
versus UHo-1 indicates that protein side chains from different topographical 
regions cluster together into defined classes which represent mobilities 
consistent with portions of the protein fold.  For instance, all buried sites are 
located at a region of the plot indicating low spin label mobility.  
2Azz
UHo
2Azz
UHoA B
Figure 11.  The effect of spin label mobility on the outer hyperfine 
extrema 2Azz (red dashed lines & double sided arrow) and the peak to 
peak central linewidth, UHo (blue dashed lines & double sided arrow).  
(A) Broad EPR spectral lineshape (B) Narrow EPR spectral lineshape 
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Characteristically, this is to be expected because buried sites are located within 
the sterically packed protein interior.  In contrast, loop sites have the highest 
mobility indicating regions that lack steric restriction.  Tertiary interaction and 
helix surface sites are located at regions of intermediate spin label mobility.  The 
dynamics of the α-carbon backbone contributes to regions of overlap between 
buried, tertiary, and helix surface sites (Mchaourab et al. 1996).  
A quantitative understanding of EPR lineshape is obtained from 
simulations based upon dynamic models (Barnes et al. 1999; Borbat et al. 2001).   
EPR simulation is advantageous because it provides detailed information about 
the influence of protein structure adjacent to the site of spin labeling (Beier and 
Steinhoff 2006).  The microscopic order macroscopic disorder (MOMD) model 
describes the motion of the nitroxide side chain using an order parameter and 
effective correlation time (Meirovitch et al. 1984).  Simulating EPR spectra using 
the MOMD model allows for the determination of isotropic or anisotropic motion 
from EPR lineshapes (Budil et al. 1996; Columbus et al. 2001).  MOMD is also 
effective in detecting and characterizing multiple components in EPR spectra 
(Barnes et al. 1999; Columbus et al. 2001).  
 
Spectral Parameter: Nitroxide Side Chain Accessibility 
The direct collision of a paramagnetic species with a nitroxide spin label, 
referred to as Heisenberg exchange, is a tool for investigating both water soluble 
and membrane protein topography (Altenbach et al. 1989; Koteiche et al. 1998; 
Berengian et al. 1999; Altenbach et al. 2005).   
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Using membrane proteins as an example, it is possible to determine whether a 
label, at a particular site, is located within the membrane interior or within the 
aqueous phase (Altenbach et al. 1990; Farahbakhsh et al. 1992; Dong et al. 
2005; Vasquez et al. 2008; Amadi et al. 2010; Claxton et al. 2010).  The capacity 
for Heisenberg exchange with fast relaxing paramagnetic species results in 
changes to the spin label’s T1 relaxation time. 
Continuous wave (CW) power saturation and saturation recovery (SR) are 
techniques for the determination of T1 relaxation time (Altenbach et al. 2005; 
Pyka et al. 2005).  The amplitude of the EPR spectrum increases linearly with the 
square root of the incident microwave power.  As the microwave power 
increases, the spin system deviates from this linear relationship, and this 
phenomenon is referred to as saturation.  At saturation, the rate of relaxation, to 
equilibrium, can not compete with the rate at which microwave power is absorbed 
by the spin system.  P1/2 is the amount of microwave power required to saturate 
the EPR signal to half its amplitude, in the absence of saturation (Altenbach et al. 
1989; Farahbakhsh et al. 1992) .  The rate of relaxation is measured by 1/T1, and 
a sample with a long T1 will saturate easily and relax very slowly.  In contrast, a 
sample with a short T1 will relax quickly but take longer to saturate.   
The direct collision of paramagnetic species with the spin label enhances 
the relaxation rate.  As a result, the spin system can absorb more microwave 
power before saturation.   
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This process is a reflection of the Heisenberg exchange rate (Wex) between the 
nitroxide spin label and the paramagnetic species (Altenbach et al. 2005).  The 
Heisenberg exchange rate is described by the following equation: 
Wex = kexCR        (27) 
where kex is the exchange rate constant and CR is the concentration of 
paramagnetic species chosen as an exchange reagent.  Wex is a measure of the 
accessibility of the nitroxide spin label to the solvent containing the paramagnetic 
species.  On that account, Wex is an important parameter for obtaining 
information about the label’s immediate environment.  An important assumption 
is that the Heisenberg exchange is at the strong exchange limit.   At the strong 
exchange limit, the rate of Heisenberg exchange is primarily determined by 
diffusion.  The exchange rate constant, at the strong exchange limit, is described 
by the following equation: 
   kex = PmaxfkD = Pmaxf4π(NA/1000)(DN + DR)rC  (28) 
Pmax is a measure of the maximum exchange efficiency, and f is the 
dimensionless orientation dependent steric factor.  Pmax approaches 1 in the 
strong exchange limit, where T1<τC.  τC is the lifetime of the spin 
label/paramagnetic exchange reagent complex.  KD = 4π(NA/1000)(DN + DR)rC is 
the diffusion controlled rate constant, and DN and DR are individual diffusion rate 
constants for the nitroxide spin label and the paramagnetic exchange reagent 
(R).  The collision radius, rc is the sum of the effective radii for the nitroxide spin 
label and the paramagnetic exchange reagent.   
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For a spin labeled protein, the diffusion constant for the nitroxide is negligible and 
DN + DR ≈ DR.  An additional accessibility factor ρ accounts for the interaction of 
the nitroxide spin label with its environment.  The value of ρ varies based upon 
the local protein environment.   For instance, the value of ρ is zero for a label 
buried within the protein interior and one for a label located completely at an 
exposed surface site.  The following equation is used to determine the 
accessibility factor of a nitroxide spin label at any site. 
    ρ = kpex/kex  [(DR + DN) / DR]    (29) 
where kpex is the exchange rate constant for a spin labeled protein in a solution 
containing a diffusing paramagnetic exchange reagent.  A consequence of 
Heisenberg exchange is Lorentzian line broadening, which is measured from the 
first derivative peak to peak central linewidth (UHpp).  In the presence of the 
paramagnetic exchange reagent, the collisions rate with the nitroxide spin label is 
related to the change in UP1/2. 
   UP1/2 = P1/2 – Po1/2     (30) 
P1/2 and Po1/2 are values in the presence and absence of paramagnetic exchange 
reagent.  The UP1/2 is proportional to the Heisenberg exchange rate Wex, and is 
dependent upon the properties of the resonator.  As a consequence, the 
dimensionless accessibility parameter (Π) is defined.  
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The factor [P1/2/UHpp]reference corresponds to reference compounds, such as 2,2-
diphenyl-1-picrylhydrazyl (DPPH) and T4 lysozyme (T4L) , which account for 
variations in the resonator.  The accessibility parameter is proportional to Wex. 
 
    Π = α Wex      (32) 
 
Molecular oxygen (O2), Ni(II)ethylenediaminediacetate (NiEDDA), 
Ni(II)acetonylacetonate (NiAA), and chromium oxalate (CROX) are paramagnetic 
exchange reagents.  Each reagent has specific physical and chemical properties 
making them ideal choices for a wide variety of applications.  For example, 
molecular oxygen is hydrophobic with a small molecular volume.  This property 
allows O2 to be soluble within the protein interior.  NiEDDA and NiAA are 
aqueous soluble, both display a limited capacity for partitioning into the protein or 
membrane interior.  NiEDDA is neutral, while NiAA has a tendency to be charged 
at pH extremes (Altenbach et al. 1994).  CROX is negatively charged restricting it 
only to the aqueous phase.  The relative collision frequency, between the label 
and exchange reagent, is a source of information on the environment of the spin 
label site.  Therefore, it is possible to distinguish between sites located within the 
lipid bilayer, protein interior, and solvent exposed surfaces.   
Accessibility experiments are typically performed by placing spin labeled 
protein samples into gas permeable (TPX) tubes.  The sample is equilibrated in 
20% oxygen or nitrogen (N2).   
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Nitrogen equilibration allows for the determination of spin label relaxation rate in 
the absence of paramagnetic exchange reagent (nitrogen control).  The 
amplitude of the central line (mI = 0) is measured at a series of increasing 
microwave powers.  NiEDDA, NiAA, or CROX are added to the spin labeled 
protein solutions prior acquiring measurements.   The P1/2 value is determined 
from the power saturation curve.  Each P1/2 value is subtracted from the nitrogen 
control to obtain the corresponding UP1/2 value.  The ∆P1/2 (NiEDDA) value is 
high for solvent exposed sites and low for sites located within the protein interior 
or at the center of the lipid bilayer.  In contrast, the ∆P1/2 (O2) value is high for 
these sites.  Secondary structural information is obtained from the study of a 
series of consecutive sites, within a protein or peptide.  Accessibility values are 
plotted against residue number, and the resulting periodicity can distinguish 
between α-helical, β-strand, and unstructured regions.  The α-helix has a 
periodic pattern of 3.6 to 4, a periodicity of 2 for β-strands, and unstructured 
regions lack no regular periodic pattern.  This method is based upon the intrinsic 
asymmetry in the environment surrounding the secondary structural element 
(Hubbell et al. 1998).  For a water soluble protein, a α-helix has one of its 
surfaces solvent exposed, while the other is facing the interior of the protein.  In 
this case, all paramagnetic exchange reagents will have Π values with the same 
period and phase.  For a α-helix located within a membrane protein, one surface 
is aqueous solvated; while the other is in contact with the lipid bilayer.  In this 
instance, the Π values will have the same period but differ in phase by 180o.   
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The depth parameter (Φ) is a measure of the immersion depth of a spin label 
within the membrane bilayer (Altenbach et al. 1994).   
   Φ = ln 
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The concentration of O2 is highest at the center of the membrane bilayer and 
progressively decreases toward the membrane surface (Altenbach et al. 1994).  
Conversely, the concentration of NiEDDA is highest at the membrane surface 
and negligible at the center of the bilayer (Altenbach et al. 1994).    
   
Spectral Parameter: Spin-spin Interactions 
The ability to measure both intramolecular and intermolecular distances 
between two spin labels, in the same monomer or between multiple sites on 
different proteins, is an extremely powerful technique for determining protein 
structure and dynamics (Beth et al. 1984; Voss et al. 1995; Hustedt et al. 1997; 
Koteiche and Mchaourab 1999; Liu et al. 2001; Eaton et al. 2002; Xiao et al. 
2002; Steinhoff 2004; Zou et al. 2009; Amadi et al. 2010; Claxton et al. 2010).  
For SDSL based distance measurements, two sites are labeled with a nitroxide 
spin label, referred to as double site-directed spin labeling (DSDSL).  The basis 
of distance measurements is to observe the effects of magnetic dipole 
interactions between the unpaired electrons of two nitroxide spin labels.  The 
magnetic field from one electron’s spin produces a force on the magnetic dipole 
of the second electron’s spin (Eaton et al. 2002).  
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As a result, there will be a change in Zeeman energy, of one electron spin, due to 
the presence of the second electron spin.  The interaction splits the resonance 
line, for the observed electron spin, into a doublet of lines.  
The spin-spin interaction is described by the following spin Hamiltonian: 
Ĥ = βeHog1S1 + βeHog2S2 – ωn(I1z + I2z) + γeI1A1S1 + γeI2A2S2 + S1DS2 + JS1S2     (34) 
The two interacting nitroxide spin labels are referred to as 1 and 2, respectively.  
ωn is the Larmor frequency associated with the nitrogen nucleus, and γe is 
gyromagnetic ratio corresponding to the electron.  J is a scalar quantity 
describing the interaction between the two electron spins.  Orbital overlap 
produces J coupling, and it decreases exponentially with internitroxide distances 
greater than 10 Å (Hustedt and Beth 1999; Eaton et al. 2002).  D is the dipolar 
coupling tensor that describes how two electrons spins, separated by the 
distance r, are coupled to one another.  For a randomly oriented sample, the g-
tensor values are isotropic, the value of D corresponds to the splitting observed 
in the Pake pattern (Rabenstein and Shin 1995).  The dipolar interaction energy 
is proportional to 1/r3, and represented by the following equation: 
      ( )θμμ cos313 21 −= rEdipolar     (35) 
Θ is the angle between the magnetic field and the interspin vector.  The 
interaction energy is dependent upon the orientation of the electron spins in a 
magnetic field, and this interaction becomes zero at the magic angle 54.7o. 
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For distances in the range of 15 to 20 Å, line broadening is observed in 
the CW-EPR spectrum.  Broadened spectra display a decrease in EPR signal 
amplitude, and spectra normalized to the same spin concentration is a qualitative 
indicator of spin-spin interaction (Mchaourab et al. 1997a; Klug and Feix 2008).  
EPR methods have been developed to measure dipolar interactions and obtain 
distances between nitroxide spin labels, in a variety of samples at various 
conditions.  For example in an immobilized sample, the dipolar interaction can be 
determined for two slowly relaxing spins.  In this case, it is assumed that there is 
only a single unique distance between the nitroxide spin labels.  The hyperfine 
splittings are anisotropic, which is an indicator that there is a unique orientation of 
the interspin vector relative to the magnetic axes.  If the dipolar splitting (D) is 
larger than the linewidth of the EPR signal observed in the CW-EPR spectrum, 
then the spectral lineshape must be analyzed by computer simulation.  A caveat 
to analyzing spectral lineshape by computer simulation is that the dipolar 
splittings need to be well resolved; otherwise it is impossible to obtain a unique 
simulation for the corresponding spectrum.   
In this case, two spectral simulation methods based upon deconvolution 
were developed.  Both methods assume that there is enough conformation 
flexibility in the bonds tethering the labels to the protein; that there is a random 
distribution of orientations for the interspin vector, relative to the magnetic axes.  
In these methods, the EPR spectra for the two non-interacting spin labels (sum of 
singles) are compared with the spectrum corresponding to the interacting spin 
labels (doubly labeled mutant).   
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Essentially, it is assumed that the spectra displaying dipolar interaction is a 
convolution of non-interacting spectra.  Another method uses Fourier 
deconvolution, and the alternative method uses a broadening function to 
deconvolute the EPR spectra to obtain distances from the dipolar interaction 
(Rabenstein and Shin 1995; Mchaourab et al. 1997b; Steinhoff et al. 1997).  An 
additional method for simulating EPR spectra from dipolar coupled nitroxides is 
based upon the tether-in-a-cone model (Hustedt et al. 2006).  In this model, the 
unpaired electron is situated at the end of a tether within a cone, allowing the 
electron to sample a multitude of angles dictated by the position of the tether 
(Hustedt et al. 2006).  The model produces a distribution of distances. The 
relative orientation of the labels is extrapolated from various parameters such as: 
tether length, cone width, and the angle that defines the orientation of the tether 
with the magnetic axes (Hustedt et al. 2006).  Other methods utilize the ratio of 
peak heights (d1/d) as an estimation of the internitroxide distance; only if T1 
relaxation is slow and dipolar splittings are unresolved (Kokorin et al. 1972).  
Alternatively, the distance between the two spins is determined from the intensity 
of the half-field transition (Eaton and Eaton 1982).  The half-field intensity 
measurement is applicable for short distances, less than 8 Å.  However, the 
measurement is further complicated by a contribution from anisotropic exchange, 
which reduces both the resolution and precision of the distance measurement 
(Eaton and Eaton 1982). 
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All CW techniques are highly dependent upon the observation of spectral 
broadening.  The degree of broadening is an indicator of the strength of the 
dipolar interaction, which is a function of the interspin distance.  When the 
interspin distance is in the range of 20 to 80 Å, broadening of the spectral 
lineshape, due to dipolar interactions, become less significant.  Pulse techniques 
are ideal, in this case, because the width of the spin packets are generally 
smaller than the broadened CW linewidth (Eaton et al. 2002).  Pulse techniques 
require the perturbation of the spectral region of one nitroxide spin label by a 
pulse.  Consequently, the time-dependent response in the spectral region of the 
other nitroxide spin label is observed.  The timing of the pulse creates oscillations 
of spin echo intensity; that is a function of the dipolar interaction.  The frequency 
of the oscillations is a characteristic signature of the interspin distance.  There 
are several types of pulse EPR techniques, each characterized by a different 
pulse sequence.  Examples of the pulse techniques are 3-pulse (electron-
electron double resonance) ELDOR or PELDOR, 2 + 1 sequence, 4-pulse DEER 
(double electron-electron resonance), and double-quantum coherence (DQC) 
(Saxena and Freed 1997; Astashkin et al. 1998; Milov et al. 1999; Pannier et al. 
2000; Jeschke 2002; Jeschke and Polyhach 2007). 
The emphasis is on the 4-pulse DEER technique.   The pulse pattern and 
absorption profile for the 4-pulse DEER experiment are shown in Fig. 12 (Pannier 
et al. 2000).  In a spin system, there are two populations of electron spins SA and 
SB.   
 74
 
The SA spin population has a microwave resonance frequency of υA, while 
population SB has a resonance frequency υB.  At first, all spins have their 
magnetic moments aligned along the z-axis producing a bulk magnetization.  A 
π/2 pulse is turned on, at time (t=0) and the frequency of the pulse corresponds 
to υA “observe frequency”.   Therefore, the SA spins experience a torque along 
the x-axis, which tips their magnetization into the xy-plane.   Hyperfine 
interactions result in inhomogeneous broadening which causes each spin to 
experience slightly different local magnetic fields.  The loss of spin coherence 
causes gradual dephasing of magnetization in the xy-plane.  A π pulse is turned 
on, at time (t = τ1) which flips the magnetization of SA by 180o.  Spin coherence is 
restored at time (t = 2τ1), and a spin echo is formed.  In order to study the dipolar 
interaction between spin populations SA and SB, a π pulse is turned on at 
resonance frequency υB “pump frequency”.  This π pulse is inserted between the 
two π pulses at irradiation frequency υA “observe frequency”.  The resonance 
frequencies υA and υB do not have overlapping excitation bandwidths; therefore, 
the π pulse, at pump frequency υB, will excite the SB spin population.  Since SB is 
dipolar coupled to SA, the local magnetic field experience by SA is altered.  
However, the magnetization of SA can not be fully refocused, so                     
another π pulse is turned on, at observe frequency υA, resulting in a refocused 
echo at time (t = 2τ1+2τ2). 
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Unlike the first echo at time (t=2τ1), this refocused echo is our observable.  The π 
pulse, at pump frequency υB, is applied at a variable time t modulating the 
intensity of the refocused echo. The spin system is described by a Hamiltonian, 
which is a function of the angular frequencies, ωA and ωB, associated with SA and 
SB. 
Ĥ = ωASA + ωBSB + ωABSASB      (36)  
 
ππ/2 πτ1 τ1 τ2 τ2
π
t
Observe (SA)
Frequency (υA) 
Pump (SB)
Frequency  (υB)
Echo
Echo
Observe
Pump
Bo
∆υ = 65-70 MHz
Figure 12.  Pulse sequence for the four-pulse DEER experiment and its 
expected excitation profile.  In a DEER experiment, there is a population of 
observing spins which are resonating at frequency υA (red).  A second population of 
pumping spins is resonating at υB (blue).  A pumping π pulse, at frequency υB, 
cause flipping of the pump spins.  The pump spins are dipolar coupled to the 
observe spins, leading to alterations in the local magnetic field of the observe 
spins.  Another π pulse, at resonance frequency υA, refocuses the observe spins 
creating a refocused echo. 
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The dipolar coupling ωAB is described by the following equation 
  ωAB = ωdip(3 cos2θAB -1)      (37) 
where ωdip is the dipolar coupling.  The intensity of the refocused echo is 
described by equation 
   I = Iocos(ωABt)      (38) 
where I and Io are initial and final states of the refocused echo intensity, because 
SA spins experience a different magnetic environment before and after the pump 
π pulse.  t represents the time modulation of the dipolar coupling as a function of 
the pump π pulse.  The intensity of the refocused spin echo is plotted as a 
function of t.  The stronger the dipolar coupling; the more oscillations are 
observed in the DEER signal.  However, the DEER signal is attenuated by phase 
memory time Tm or the transverse relaxation time T2.  The effects of relaxation 
decay are reduced by decreasing the absolute temperature to approximately 80 
K (Eaton et al. 2002).  Distance information is obtained through the Fourier 
transformation of the dipolar Pake spectrum.  The relationship between 
experimental DEER time domain data and the corresponding distance 
distributions between spins is described by a Fredholm integral equation, which 
must be approximated through Tikhonov regularization (Weese 1992; Banham et 
al. 2008). The Tikhonov regularization method requires the appropriate 
regularization parameter, in order to obtain a unique fit for the data.  Otherwise, 
the distance distributions will contain spurious peaks corresponding to unrealistic 
distances.                     
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CHAPTER III 
 
EXPERIMENTAL METHODS 
 
Hsp27 Gene Cloning and Site-directed Mutagenesis 
The cDNA of human HSP 27 was obtained from Enzo Life Sciences 
(Plymouth Meeting, PA).  The cDNA of HSP 27 was cloned into the NdeI and 
XhoI sites of the pET20b+ expression vector (Novagen, California, USA).  Wild-
type HSP 27 has a native cysteine at residue 137 which was substituted by 
alanine using the QuikChange Mutagenesis Kit (Stratagene, La Jolla, CA).  The 
new construct containing the C137A substitution is referred to as HSP 27_WT*. 
The phosphorylation mimic of HSP 27 has three serine residues that were 
substituted for aspartates using the QuikChange Mutagenesis Kit.  The resulting 
construct is referred to as HSP 27_D3*.  Seven clusters of residues were chosen 
for analysis: cluster 1 (residues 2-6), cluster 2 (residues 16-23), cluster 3 
(residues 24-35), cluster 4 (residues 36-40), cluster 5 (residues 50-55), cluster 6 
(residues 52-67), and cluster 7 (residues 73-80).  Single cysteine mutants were 
made for all residues within each cluster utilizing either Hsp 27_WT* or Hsp 
27_D3* as backgrounds. All cysteine mutants were confirmed by sequencing at 
the Vanderbilt DNA Sequencing Facility. 
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Protein Expression and Purification 
The plasmids containing HSP 27 cysteine mutants were transformed into 
BL21 Gold (DE3) E. coli competent cells (Stratagene, La Jolla, CA).  HSP 27 
mutants were overexpressed by autoinduction (Studier 2005). A single colony 
was inoculated into 2mL of minimal non-inducing medium (MDG) (1M MgSO4, 
40% glucose, 25% aspartate, 50mM PO4, 50mM NH4Cl, 5mM Na2SO4, 1M 
Citrate, 0.1M FeCl3) and incubated for 8 hours at 37oC with shaking at 300rpm.  
MDG was inoculated into ZYM medium (1M MgSO4, 0.5% glycerol, 0.05% 
glucose, 0.2% α-lactose, 50mM PO4, 50mM NH4Cl, 5mM Na2SO4, 1M Citrate, 
0.1M FeCl3) and incubated overnight at 30oC with shaking at 300rpm. 
Cells were harvested by centrifugation at 4000 x g for 20 minutes.  The 
cell pellets were resuspended in lysis buffer (20mM Tris, 75mM NaCl 1mM 
EDTA, 0.02% azide) supplemented with 10mM DTT, 10μM PMSF, and 0.05% 
polyethyleneimine.  The cells were sonicated and the lysates were centrifuged at 
12,000 x g for 20 minutes. Mutants were purified by anion exchange 
chromatography and eluted with a NaCl gradient.  For Hsp27_D3 mutants 
ammonium sulfate was added to each eluted fraction to yield a final 
concentration of 0.5M.  Each Hsp27 protein sample was injected onto a Hi Trap 
phenyl HP column (GE Healthcare Life Science, Piscataway, NJ, USA) and 
eluted with a gradient of 0.5M to 0M ammonium sulfate.   
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All protein samples were further purified by size exclusion chromatography 
(SEC) on a Superose 6 column (GE Healthcare Life Science, Piscataway, NJ, 
USA) (Fig. 13).  Each sample was incubated with 10-fold molar excess of either 
1-oxyl-2,2,5,5-tetramethyl-U3-pyrroline-3-methyl-methanethiosulfonate (Toronto 
Research Chemicals, Ontario, Canada) or 3-(2-Iodoacetamide)-proxyl spin label 
(Sigma-Aldrich, St. Louis, MO, USA).  The spin labeling reaction was allowed to 
proceed for 2 hours at room temperature with subsequent completion overnight 
at 4oC.  Excess label was removed by desalting on a Hi Trap desalting column 
(GE Healthcare Life Science, Piscataway, NJ, USA). 
 
 
 
 
 
 
 
 
Figure 13: Purified Hsp27_D3.  Left panel is the gel filtration profile.  The right 
panel is the SDS-PAGE gel of purified Hsp27_D3 stained with comassie blue. 
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Electron Paramagnetic Resonance (EPR)-Continuous Wave (CW) 
 
X-band (9.8 GHz) CW-EPR spectra was acquired on a Bruker EMX 
spectrometer equipped with a super High Q cavity (Bruker Biospin, Billerica, MA) 
at room temperature.  Spin labeled samples of 1mM to 10μM concentrations 
were prepared in 9/6-buffer (9mM Mops, 6mM Tris, 50mM NaCl, 0.1mM EDTA, 
0.02% Azide) at pH 7.2.  Samples were inserted into round 25μL or 50μL glass 
capillaries (VWR, West Chester, PA) and sealed with Cha-seal (Chase Scientific, 
Rockwood, TN).  EPR spectra were acquired with a magnetic field sweep width 
of either 150 or 200 Gauss and 5mW incident power.  The Zeeman modulation 
amplitude was 1.6 G.  The spectra was analyzed and processed with the 
WinEPR program (Bruker, Biospin, Billerica, MA) and HMEPR version 4 written 
by Richard Stein (Vanderbilt University).   
 
Power Saturation Measurements 
Spin labeled Hsp27 mutants, 50 μM and 25 μM concentration, were 
loaded into gas-permeable TPX capillaries (Medical Advances, Wisconsin, USA).  
Power saturation measurements were performed on a Varian E102 spectrometer 
(Varian, Palo Alto, CA) equipped with a two-loop one gap resonator.  The field 
scan of the central resonance line for each sample was carried out at 20 Gauss.  
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The amplitude of the central resonance line was obtained with the following 
microwave powers: 1, 2, 3, 4, 9, 16, 25, 36, 49, 64 mW.  The measurements 
were done under nitrogen, in the presence of 20% molecular oxygen or 3 mM 
NiEDDA.  The experimental data was collected and analyzed by non-linear 
curve-fitting software (OriginLab Corporation, Massachusetts, USA) to obtain the 
spectral amplitude (A) versus the square root of the microwave power 
According to the following equation (Altenbach et al., 2005) 
    
 
 
where A is the peak-to-peak amplitude of the central line; Ι and ε are adjustable 
parameters; P1/2 is the half-saturation power; and P is the power of the incident 
electromagnetic wave.  The NiEDDA and oxygen accessibility (Π) were 
calculated by the following equation: 
 
 
 
 
 
where P is the accessibility, UP1/2 is the difference of the half saturation power in 
the presence and absence of paramagnetic reagents (3mM NiEDDA or 20% 
molecular oxygen).  
( ) ε
P
P
PIA
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛ −+
=
2
1
121
1ε
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
Δ
⎟⎟⎠
⎞
⎜⎜⎝
⎛
Δ
Δ
=Π
T4L
T4L
2
1
2
1
o
o
H
P
H
P
 82
P1/2T4L is the T4L half saturation power in the absence of paramagnetic reagent.  
T4L served as a reference for normalization due to variations in the resonance 
frequency, and UHo is the central line width.  
 
Size Exclusion Chromatography (SEC) 
 
Analytical SEC was performed on a Superose 6 column (GE Healthcare 
Life Sciences, Piscataway, NJ) with a separation range of 5 kDa to 5000 kDa.  
The Superose 6 column was connected to an Agilent 1100 chromatography 
system with scanning fluorescence and absorption detectors.  The column was 
equilibrated in 9/6-buffer (9mM Mops, 6mM Tris, 50mM NaCl, 0.1mM EDTA, 
0.02% Azide) at pH 7.2.  Samples were prepared at 1 mg/mL, .05 mg/mL, 15 
μg/mL concentrations with 100μL injected at 0.5 mL/min.  Absorbance was 
recorded at 280 nm.  Tryptophan fluorescence was detected at an excitation 
wavelength of 280 nm and an emission wavelength of 330 nm.  For molar mass 
determination, a multi-angle laser light scattering detector (Wyatt Technologies, 
Santa Barbara, CA) was connected in line with the absorption detector.  The 
signal at the 90o angle was analyzed to obtain molar mass values. 
   
Binding of Destabilized T4L Mutants to the Phosphorylation Mimic of 
Hsp27 
 
For binding experiments, 50μM or 25μM spin labeled Hsp27 on the 
phosphorylation mimic background was incubated with 25μM or 12.5μM T4L 
(Hsp27:T4L ratio of 2:1) or (Hsp27:T4L ratio of 1:1) at 37oC for 2 hours.   
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Binding experiments were carried out in SEC buffer at pH 7.2.  Hsp27:T4L 
complexes were both monitored and purified by SEC on a Superose 6 column.  
This SEC purification step ensured the removal of uncomplexed Hsp27 and T4L.    
Purified complexes were concentrated to 50μL for further analysis.  CW-EPR 
spectral analysis was performed on a Bruker EMX spectrometer and power 
saturation experiments were performed on a Varian E102 spectrometer in the 
presence of 3mM NiEDDA.  Following EPR analysis, further confirmation of 
complex formation was carried out by SDS-PAGE on a 15% acrylamide gel 
which was stained with Coomassie Blue. 
  
Fluorescence Binding Measurements 
Samples for binding reactions contained 6μM of bimane-labeled T4L-
D70N mutant.  The T4L-D70N mutant was labeled at residue 151.  Hsp27_D3 
and Hsp27_TR mutants, with varying concentrations over the 180μM to 1μM 
range, were incubated at 37oC for 2 hours. Fluorescence intensity was measured 
by a Photon Technology International (PTI) L-format spectrofluorometer.  The 
spectrofluorometer has a RTC2000 temperature controller with a sample holder 
controlled by a Peltier heater/cooler.  Fluorescently labeled binding reactions 
were excited at 380 nm, and the resulting fluorescence emission spectra were 
recorded over a 420 nm to 500 nm range.   The binding isotherms were analyzed 
using Origin 7.5 (OriginLab Corporation, Massachusetts, USA).  The Levenberg-
Marquart method was used for non-linear least-square fits.   
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CHAPTER IV 
 
The Role of the N-terminal Domain in Hsp27 Oligomer Assembly and 
Dissociation 
 
Rationale 
Mammalian sHsps exhibit distinctive structural and dynamic 
characteristics.  In particular, Hsp27 forms polydisperse oligomers capable of 
equilibrium dissociation; in fact, Hsp27 readily exchanges its oligomeric subunits 
(Bova et al. 2000).  This structural and dynamic behavior is correlated with the 
architecture of the α-crystallin and N-terminal domains.  The α-crystallin domain 
specifies interactions capable of assembling dimers into the native oligomer 
(Merck et al. 1993; Berengian et al. 1999).  Global dimer assembly and oligomer 
dynamics are under the control of the N-terminal domain (Berengian et al. 1999; 
Lambert et al. 1999).  Studies in which the N-terminal domain was deleted 
provide further evidence in support of this model.  Isolated α-crystallin domains 
assemble into dimers incapable of further subunit exchange (Bova et al. 2000). 
The polydispersity and dynamic nature of the Hsp27 oligomer is related to 
its chaperone activity (Shashidharamurthy et al. 2005).  Hsp27 is regulated by N-
terminal domain phosphorylation, which is important for its role in signal 
transduction (Stokoe et al. 1992; Yuan and Rozengurt 2008).  Phosphorylation 
induces changes in the size and mass distribution of oligomers (Rogalla et al. 
1999).  Therefore, phosphorylation is an important modulator of Hsp27 
chaperone activity (Theriault et al. 2004; Shashidharamurthy et al. 2005).   
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Since phosphorylation sites are located within the N-terminal domain, it stands to 
reason that this domain would be important for oligomer stability (Lambert et al. 
1999; Theriault et al. 2004; Shashidharamurthy et al. 2005).  The structural basis 
of this stability is not well understood.  The dynamic nature of the Hsp27 oligomer 
is a major detriment to high resolution structural analysis. 
A unique feature of Hsp27 is its ability to dissociate into discrete dimeric 
species at low protein concentrations.  Phosphorylation shifts this concentration 
dependent dissociation equilibrium in favor of the dimer, over a range of protein 
concentrations (Shashidharamurthy et al. 2005).  For instance, dissociation of the 
Hsp27 oligomer to the dimer is accompanied by an increase in affinity for 
destabilized substrate (Shashidharamurthy et al. 2005).  In contrast, N-terminal 
mutations that stabilize the large oligomer reduce affinity for substrate 
(Shashidharamurthy et al. 2005).  Hence, phosphorylation must produce 
conformational changes in the N-terminal domain that affect equilibrium 
dissociation to the binding competent dimer.   
In this chapter, the structural role of the N-terminal domain in oligomer 
assembly and the phosphorylation induced conformational changes that result in 
oligomer dissociation were analyzed by site-directed spin labeling EPR.  Seven 
clusters of residues along the N-terminal domain of Hsp27 were selected for 
analysis of EPR lineshapes (Fig. 14).  Cluster 1 includes residues 2-6, cluster 2 
residues 16-23, cluster 3 residues 24-29, cluster 4 residues 30-41, cluster 5 
residues 50-55, cluster 6 residues 61-67, and cluster 7 residues 73-80.   
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Each cluster was selected to sample different regions along the N-terminal 
domain in both the native oligomer (wild-type background) and the 
phosphorylation mimic (where the S15D, S78D, and S82D mutations are 
present).  The environment of the N-terminal domain was determined by 
analyzing spin labeled mutants for changes in EPR lineshape and solvent 
accessibility.               
 
The N-terminal Domain of Hsp27 is Important for Substrate Binding 
The polydisperse Hsp27 oligomer undergoes equilibrium dissociation from 
an ensemble of oligomers with an average molecular mass of 426 kDa to a 
dimer.  High protein concentrations shift the concentration-dependent equilibrium 
in favor of the large ensemble of oligomers (Shashidharamurthy et al. 2005).  On 
the other hand, phosphorylation favors dissociation to the dimer.  To study the 
effect of phosphorylation, the phosphorylatable serines 15, 78, and 82 were 
substituted by negatively charged aspartate residues (Rogalla et al. 1999; 
Shashidharamurthy et al. 2005).  
Figure 14.  The seven clusters of N-terminal residues chosen for EPR 
analysis.  The residues are represented underneath the corresponding triangles.  
The N-terminal domain is in blue, the P1 peptide (residues 58-70) is represented 
by the red box, the α-crystallin domain is in green, and the orange box represents 
the C-terminal extension.  
 87
The molecular mimicry approach stabilizes the dimeric form to minimize the 
heterogeneous nature of the phosphorylation reaction.  This phosphorylation 
mimic is referred to as Hsp27-D3.  Based upon structural and biophysical studies 
with Hsp16.5 and Hsp16.9, the N-terminal domain is located within a relatively 
solvent-inaccessible environment (Kim et al. 1998; van Montfort et al. 2001; 
Koteiche et al. 2005; Shi et al. 2006a).  It is likely that in this low dielectric 
environment, unpaired charges will destabilize sHsps oligomers.  At comparable 
protein concentrations, wild-type Hsp27 (Hsp27-WT) assembles into an 
ensemble of large oligomers while Hsp27-D3 is a dimer.   
Based upon extensive binding studies with destabilized T4L mutants, the 
minimalist model describes the chaperone activity of Hsp27 (Fig. 15) 
(Shashidharamurthy et al. 2005; Koteiche and Mchaourab 2006; Mchaourab et 
al. 2009). 
 
              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  The minimalist model of Hsp27 binding to substrate.  
Equation (1) describes the unfolding equilibrium for the substrate in the 
partially (I) and globally unfolded (U) states.  Equation (2) is the activation 
equilibrium describing the dissociation of the Hsp27 oligomer to the binding 
competent dimer.  It is worthy to note that equation (2) is modulated by 
protein concentration and phosphorylation.  Equation (3) describes the 
subsequent reassembly to a Hsp27/substrate complex (C), following the 
binding of partially (I) and globally unfolded substrate (U). 
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The model couples three thermodynamic equilibria that describe the unfolding of 
the substrate (1), the dissociation of the Hsp27 oligomer to binding competent 
dimers (2), and the binding of the dimer to partially or globally unfolded states (3).  
Substrate binding results in reassembly to an Hsp27/substrate complex.  
Experiments in favor of this model confirm that a shift in the equilibrium toward 
the dimer (equation 2) enhances the apparent affinity for destabilized T4L 
mutants (Shashidharamurthy et al. 2005).  The direct detection of the 
Hsp27/substrate complex by SEC is a measure of further confirmation of 
substrate binding.  
In order to determine the role of the N-terminal domain in substrate 
recognition and binding, the affinity of Hsp27-D3 was compared with the 
dissociated form of Hsp27, lacking an N-terminal domain (Fig. 16).  Residues 2 
to 87, of the N-terminal domain of Hsp27, were deleted to form Hsp27-trunc.  A 
crystal structure of an N-terminal truncation of Hsp27 was recently determined 
(Baranova et al. 2011).  Hsp27-trunc is a tetramer that is in concentration-
dependent equilibrium with smaller species. The masses of Hsp27-D3 and 
Hsp27-trunc are similar.  This contribution is independent of their oligomeric 
state.   The destabilized mutant T4L-D70N was used as a model substrate, for 
comparison of binding characteristics of Hsp27-D3 and Hsp27-trunc.  The D70N 
mutant has the Asp70 replaced by an Asn70, and the UGunf for D70N is reduced 
relative to wild- type T4L (Mchaourab et al. 2002).  The T4L-D70N mutant has a 
Cys151 where a bimane label was attached.  
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The change in intensity of the bimane label is a reflection of binding.  It has been 
previously reported in the literature that Hsp27-D3 had a significantly higher 
apparent affinity for T4L-D70N than Hsp27-WT (Shashidharamurthy et al. 2005).  
According to the binding isotherms shown in Figure 17, truncation of the N-
terminal domain attenuates binding to T4L-D70N.  Therefore, dissociation of the 
large oligomer is necessary for substrate binding.   
 
 
 
Figure 16.  The distribution of molar mass and the UV absorption 
profile corresponding to Hsp27-WT (WT, black), Hsp27-trunc (trunc, 
red), and Hsp27-D3 (D3, blue).  All molar mass values are indicated as 
solid lines across the UV absorbance peaks 
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Phosphorylation induces exposure of the N-terminal domain 
Since the N-terminal domain is important in substrate binding, this domain must 
undergo a structural change after the transition from the large ensemble of 
oligomers to the dimer.  To determine the structural consequence of dissociation, 
spin labels were introduced within the seven clusters along the N-terminal 
domain (Fig. 14).   Each cluster contains a single cysteine substitution in both the 
wild-type (Hsp27-WT) and phosphorylation mimic (Hsp27-D3) backgrounds.  
Figure 17.  Isotherms for binding of Hsp27-trunc and Hsp27-D3 to 
T4L-D70N. The concentration of bimane labeled T4L-D70N was 6 μM.  
Non-linear least squares fits to the data are represented by solid lines.  
The Hsp27-D3 binding parameters are n = 0.20 ± 0.02 and KD = 0.07 ± 
0.04 μM where n is the number of binding sites and KD is the apparent 
dissociation constant.  Each isotherm was generated at pH 7.2 and 
37oC. 
 91
For representative sites, EPR spectra in the large ensemble of oligomers 
(Hsp27-WT) were compared to spectra in the dimer (Hsp27-D3) (Fig. 18, 
Appendix A1-A9).  
 
 
 
 
 
 
 
 
 
In the black trace, EPR lineshapes are characterized by dominant spectral 
component indicative of slow spin label motion.  This type of lineshape is 
observed at sites buried within the protein’s hydrophobic core or at subunit 
interfaces (Mchaourab et al. 1996). The occurrence of motionally restricted 
spectra is an indicator that the N-terminal domain is located in a buried 
environment.  Furthermore, the N-terminal domain is involved in extensive 
subunit contacts within the large oligomer.   
Figure 18.  Representative EPR spectra for spin labeled N-terminal Hsp27-
WT and Hsp27-D3.  Spectra in black traces are spin labeled Hsp27-WT residues 
acquired at 100 μM concentration, while spectra in red are the corresponding 
spin labeled Hsp27-D3 residues at 50 μM concentration.  The spectra of the 
Hsp27-WT mutants were scaled by the factor to the left of the spectrum for ease 
of presentation.   
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On the other hand, EPR lineshapes from spin labels at the equivalent sites in 
Hsp27-D3 have features indicative of less restricted spin label motion (Fig. 18, 
red traces).  These spectra are similar to those observed at protein surface sites 
(Mchaourab et al. 1996). Therefore, dissociation to the dimer attenuates the 
steric restriction (observed in the large oligomer) over large segments of the N-
terminal domain.   
For spin labeled residues 61-67 and 73-80 in Hsp27-D3, the width of the 
central resonance line is an indicator of large amplitudes of motion in the 
backbone (Fig. 19).  This lineshape is similar to that observed for unfolded 
proteins or short unstructured peptides (Mchaourab et al. 1996). The 
corresponding EPR spectra in the WT background indicates highly restricted 
motion of the spin labels consistent with a buried environment in the large 
oligomer. Figure 20 displays EPR spectra for representative residues 62, 63, 74, 
and 76 in Hsp27-WT.    The corresponding EPR spectra in the WT background 
displays more restricted motion of the spin labels consistent with a more buried 
environment in the large oligomer.   Comparison of Figures 19 and 20 implies 
that after dissociation, the backbone loses ordered secondary structure and 
becomes highly flexible.   This result supports previous data from our laboratory, 
where residues 58-70, also referred to as the P1 peptide, are implicated in the 
dynamic dissociation of Hsp27 (Shashidharamurthy et al. 2005).    When the P1 
peptide is deleted, the large oligomer is stabilized and affinity for T4L is reduced 
(Shashidharamurthy et al. 2005) 
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Figure 19.  Spectra for spin labeled residues 61 to 67 and 73 to 80 
on Hsp27-D3 at 50μM concentration 
Figure 20.  Spectra for spin labeled residues 62, 63, 74, and 76 on Hsp27-WT 
at 100μM.   
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The spectral features observed in the Hsp27-D3 background indicate 
significant conformational changes occur in the N-terminal domain after oligomer 
dissociation. The spectral lineshape can be partially or completely reversed by 
increasing the protein concentration.  For instance, increasing the protein 
concentration selectively enhance the spectral component corresponding to 
restricted motion of the spin label (Fig. 21 and Appendix A11-A16).  At 
intermediate Hsp27-D3 concentrations, the EPR lineshapes reflect at least two 
components.  One of these components is motionally restricted (immobilized) 
and the other is mobile, which reflects the equilibrium between oligomers and 
dimers respectively (Fig. 21, Equation 2 of Fig. 15).  In addition, changing the pH 
from 7.2 to 6.5 shifts the equilibrium toward the large oligomers            
(decreasing pH promotes oligomer reassembly in Hsp27-D3) (Appendix A17-
A20). 
The fraction of oligomers or dimers was plotted by measuring the amplitude of 
the immobile (representative of oligomeric population) and mobile (representative 
of dimeric population) spectral components over a 1600 μM to 10 μM 
concentration range (Fig. 22).   
Figure 21.  Representative spin labeled Hsp27-D3 residues displaying the 
concentration dependence of the EPR lineshape.  The motionally restricted 
component represents dimer reassembly into the large oligomer (arrow).  
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All the titration curves show dimer reassembly into the larger oligomers; however, 
the titration curves are shifted relative to each other.  There are two possible 
reasons for this shift: substitution of the original residue by cysteine and the 
attachment of spin label at that specific residue position.  Taken together these 
results indicate that the dissociation equilibrium can be recapitulated in the 
phosphorylation mimic (Hsp27-D3).  A distinct advantage to the phosphorylation 
mimicry approach is that phosphorylation-mimicking mutations shift the transition 
between the large oligomer and the dimer, into a concentration range that can be 
studied by EPR.   
 
 
Figure 22.  Titration curves displaying the fraction of mobile (dimer) and 
immobile (oligomer) components as a function of protein concentration. 
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Dissociation Does Not disrupt the α-crystallin Domain Dimer 
The structural changes observed in the N-terminal domain were revealed 
through changes in spin label mobility (Figs. 18, 19, 20, and 21).  In variance with 
the N-terminal domain, EPR lineshapes at selected residues in the α-crystallin 
domain remain unchanged between Hsp27-WT and Hsp27-D3. The α-crystallin 
domain dimer interface, which encompasses residues 135-144, was previously 
identified by spin labeling and confirmed by crystal structures of αB-crystallin, 
Hsp20, and Hsp27 (Berengian et al. 1999; Bagneris et al. 2009; Baranova et al. 
2011).  In the phosphorylation mimic (Hsp27-D3), this dimer interface remains 
intact.  Dipolar broadened EPR lineshapes are observed, along the dimer 
interface, in Hsp27-WT.  This type of spectral feature indicates that spin labels 
located across the interface are less than 8Å apart (Berengian et al. 1999).  
Cys137 is a residue located within the dimer interface, and spin labeling this 
residue shows dipolar broadening remains in Hsp27-D3 (Fig. 23).  Additionally, 
the dipolar broadened lineshape observed in Hsp27-D3 is not concentration-
dependent (Fig. 23).  Hence, dissociation disrupts interfaces in the N-terminal 
domain, but the α-crystallin domain dimer interface remains intact. A crystal 
structure of the Hsp27 α-crystallin domain was recently determined (Baranova et 
al. 2011).  The seven β-strand fold previously identified in structures of truncated 
lens sHsps, αA- and αB-crystallin is conserved as expected based on the high 
sequence similarity between mammalian sHsp (Bagneris et al. 2009).     
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The residue pair Ser156 and Glu166 was spin labeled, in order to obtain 
information about the proximity of two β-strands within the α-crystallin domain 
(Fig. 24).  In the spin labeled Ser156/Glu166 double mutant, dipolar broadening 
indicates that Hsp27 oligomer dissociation to the dimer does not alter the fold of 
the α-crystallin domain. 
Figure 23.  EPR spectrum of spin labeled Cys137 in Hsp27-D3.  Dipolar 
broadening is the result of spin-spin interactions across the α-crystallin domain 
dimer interface. 
Figure 24.  Ser156, Glu166 and Phe104 mapped on the recently determined α-
crystallin domain crystal structure of Hsp27 adapted from Baranova et. al. 
2011 
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Phe104 is located within the α-crystallin domain core with an immobilized EPR 
lineshape, regardless of concentration (Figs. 24, 26). The EPR data provides 
further evidence that dissociation causes structural changes within the N-terminal 
domain that are not propagated to the C-terminus.    
 
 
Figure 25.  Dipolar broadening of the spin labeled Ser156/Glu166 double 
mutant.  The broadened lineshape indicates that spin labels are located on two 
β-strands which are in close proximity.  The scan width was 250 G.   
Figure 26.  Spin labeled Phe104 with an immobilized lineshape over both 
high and low concentration. 
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Substrate-induced reassembly of Hsp27-D3 sequesters the N-terminal 
domain 
 
As reported by the EPR lineshape data, phosphorylation induced 
dissociation causes the N-terminal domain to transition to a less sterically 
restricted environment.  The spectra of residues spin labeled in Hsp27-D3 show 
increased backbone dynamics accompany dissociation to the dimer.  Additional 
insight into the environment of the N-terminal domain after dissociation was 
obtained by measuring the collision frequency between the spin label and 
paramagnetic reagent NiEDDA.  Direct collision between the spin label and 
NiEDDA reduces the spectral amplitude, which is correlated with a reduction in 
spin label relaxation time (refer to power saturation section of EPR chapter).  
NiEDDA is soluble in the aqueous phase with little solubility in the hydrophobic 
core of proteins (Altenbach et al. 2005).  At representative sites within the N-
terminal domain, oligomer dissociation results in an increase in NiEDDA 
accessibility (Fig. 27).  The accessibility values are in correspondence with those 
observed for spin labels on the exposed surface of monomeric water soluble 
proteins (Altenbach et al. 2005).  Spin label accessibility of NiEDDA varies with 
local environment of the spin labeled site, presumably due to steric restraints 
imposed by neighboring residues.  Increasing Hsp27-D3 protein concentration 
from 25 μM to 50 μM reduced NiEDDA accessibility, which suggests an increase 
in the population of large oligomers (Fig. 28).  Spin label accessibility is also a 
function of the amount of NiEDDA with increasing concentrations producing 
greater effects (Appendix, A10).   
 100
  
  
 
 
 
 
 
 
 
 
 
 
 
  
 
  
  
 
 
 
Figure 27.  The accessibility of spin labeled sites to NiEDDA in both 
Hsp27-WT (black) and Hsp27-D3 (red).  The protein concentration was 25 
μM except for S50R1 which was 50 μM.  The concentration of NiEDDA was 
3 mM except for I63R1 which was acquired at 10 mM.   
Figure 28.  The effect of increasing concentration on NiEDDA 
accessibility.  The concentration of NiEDDA was 3 mM. 
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SEC shows substrate binding causes Hsp27-D3 to reassemble into the 
large oligomer (Shashidharamurthy et al. 2005).  Spin labeled Hsp27-D3 mutants 
were incubated with T4L-L99A/A130S, a destabilized mutant of T4L, in order to 
determine the environment of the N-terminal domain in the chaperone/substrate 
complex.  T4L-L99A/A130S has been shown to bind in both low and high affinity 
modes (Mchaourab et al. 2002; Shashidharamurthy et al. 2005).  EPR analysis 
shows that binding of destabilized T4L mutants to Hsp27-D3 results in spectral 
lineshapes indicative of steric restriction (Fig. 29).   
 
 
 
 
 
 
 
 
 
   
 
 
Figure 29. EPR spectra and NiEDDA accessibility after binding T4L to spin 
labeled Hsp27-D3.  An increase in spin label mobility and NiEDDA accessibility is 
observed prior to T4L binding (red).  After T4L binding, spin labeling motion is 
restricted and NiEDDA accessibility is reduced. The spectra were scaled by the 
factor to the left of the spectrum for ease of presentation. 
 102
Binding of T4L to spin labeled T4L mutants was confirmed by SEC and SDS-
PAGE (Appendix, A21 & A22).  These lineshapes are similar to ones previously 
observed for spin labeled Hsp27-WT mutants (Figs. 18, 20).  However, subtle 
changes in spin label mobility are a reflection of the local environment of the spin 
label site, within the Hsp27/T4L complex.  Concurrent to the lineshape change, 
after destabilized T4L mutant binding, the accessibility of NiEDDA is decreased 
(Fig. 29).    Therefore, binding of T4L shifts the thermodynamic equilibrium of 
Hsp27-D3 in favor of oligomer reassembly into an Hsp27/T4L complex.    
 
N-terminal sequence determinants of equilibrium dissociation. 
The substitution of the endogenous residue for a cysteine or the 
incorporation of a spin label can shift the Hsp27 oligomer equilibrium (Fig. 22).  
There are spin labeled residues such as Asp17, Asp21, Pro24, Ser26, Asp30, Pro36, 
Arg37, Leu37, Pro39, Glu40, and Glu41, in the Hsp27-D3 background, where the 
EPR lineshape shows restricted spin label motion regardless of concentration.  
Figure 30 shows EPR spectra at representative sites.  This type of lineshape is 
similar to that observed for spin labeled residues in Hsp27-WT.  In these 
residues, (spin labeled Hsp27-D3 mutants that display restricted spin label 
motion) it is apparent that the cysteine substitution and subsequent labeling favor 
the large oligomeric species.   
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These results are particularly puzzling, because the S15D, S78D, and S82D 
mutations, in the phosphorylation mimic background (Hsp27-D3), normally favor 
dissociation of the oligomer to the dimer.  In general, reassembly of Hsp27-D3 to 
the large oligomer occurs at high protein concentrations.  Therefore, it is 
apparent that these results highlight residues or structural elements important in 
stabilizing the large oligomer.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30.  Spin labeled mutants that display restricted spin label 
motion in both the wild-type and phosphorylation mimic backgrounds.  
EPR spectra corresponding to the spin labeled Hsp27-WT mutants are 
displayed in black and Hsp27-D3 mutants in red. The spectra were scaled by 
the factor to the left of the spectrum for ease of presentation.   
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To further examine both the role of the chemical identity and structural context of 
these residues in the equilibrium dissociation of Hsp27, cysteine mutants and 
their corresponding spin labeled counterparts were analyzed by EPR and SEC 
(Appendix, A11-A16 & A23-A35).  The MTSSL label (incorporates an R1 side 
chain) is hydrophobic; consequently, the spin label 3-(2-Iodoacetamide)-proxyl 
(IAP) which has an amide bond in its linking arm was utilized (Fig. 18, refer to 
EPR chapter).   The IAP label incorporates an R2 side chain.  The strategy is to 
incorporate a label with a more polar linking arm to destabilize the oligomer, 
promoting dissociation to the dimer.  EPR lineshapes for IAP labeled Hsp27-D3 
reflect equilibrium between motionally restricted and mobile spin label 
populations.  R2 increases the mobile spin population to a greater extent than 
R1.  The tendency of R2 to favor the dimer is also evident in EPR lineshapes in 
the WT background where a mobile component was consistently observed.  
However, EPR lineshapes are similar in the L38R2, P39R2, and E40R2 in both 
wild-type and phosphorylation mimic backgrounds. P36R2 is the only R2-labeled 
mutant in which lineshapes between wild-type and the phosphorylation mimic 
differ.  Proline normally produces bends in the polypeptide chain, and substituting 
with R2 might change the local structure.    Consequently, R2 is less immobilized 
resulting in a lineshape change.  This effect is position specific for residue 36, 
because no change in lineshape is observed for L38R2, P39R2, or E40R2.     
   
    
 105
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
     
Based upon SEC analysis, there are two categories of residues capable of 
modulating the Hsp27 oligomer dissociation equilibrium.   In the first category, 
the substitution of the original residue by a cysteine shifts the equilibrium in favor 
of the ensemble of large oligomer.  
Figure 31.  IAP (R2) labeled mutants on both the wild-type and 
phosphorylation mimic backgrounds.  EPR spectra corresponding to the 
spin labeled Hsp27-WT mutants are displayed in black and Hsp27-D3 mutants 
in red. The spectra were scaled by the factor to the left of the spectrum for 
ease of presentation.   
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Figure 32 shows SEC chromatograms for representatives of this first category.  
These residues are primarily acidic or aromatic.  Given the buried location of the 
N-terminal domain, in the context of the native oligomer, acidic residues not 
involved in salt bridges are likely to destabilize the large oligomer. It is interesting 
to note that D21C and D30C mutants in Hsp27-D3 predominantly form a dimer at 
1 mg/mL.  The D17C mutant, in contrast, remains assembled at concentrations 
as low as 15 μg/mL (Fig. 33).  The mechanism by which other residues in this 
category stabilize the large oligomer is less clear.  For residues 37-41 and 51-54, 
substituting the endogenous residue by cysteine shifts the Hsp27 dissociation 
equilibrium in favor of the large oligomer (Fig. 34).  These residues include 
arginines as well as prolines, glycines and tryptophans.   
   
 
 
 
 
 
 
 
 
 
 
Figure 32.  Size exclusion chromatograms for N-terminal residues that 
modulate the Hsp27 dissociation equilibrium.  The red traces represent 
residues where the dissociation equilibrium is shifted in favor of the dimer, while 
the black traces show residues which favor the large oligomer.  The protein 
concentration was 0.05 mg/mL for D3-D17C, D3-D21C, D3-D30C, D3-E41C, and 
D3-E64C.  The protein concentration was 0.1 mg/mL for D3-R37C, D3-P39C, D3-
W51C, and D3-Y54C.  
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Figure 33.  SEC chromatograms for cysteine mutants D17C, D21C D30C in 
Hsp27-D3.  The red traces represent residues where the dissociation equilibrium is 
shifted in favor of the dimer, while the black traces show residues which favor the 
large oligomer. 
Figure 34.  SEC chromatograms for residues 37-41 and 51-54, in Hsp27-
D3, that shift the Hsp27 dissociation equilibrium in favor of the large 
oligomer.  The red traces represent residues where the dissociation 
equilibrium is shifted in favor of the dimer, while the black traces show 
residues which favor the large oligomer.  The protein concentration was 0.05 
mg/mL.   
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The SEC data suggests that either the local structure is important for dimer 
stabilization, or that these residues are implicated in repulsive interactions that 
would destabilize the native oligomer.  Sequence analysis shows conservation of 
these residues in the Hsp27 superfamily (Fig. 35).  
Nevertheless, the homologous α-crystallins often contain non-conservative 
residue substitutions. Sequence analysis further validates the conclusion of a 
critical role for the N-terminal domain in the modulation of equilibrium 
dissociation.   This distinctive characteristic distinguishes Hsp27 oligomer 
dynamics from other mammalian sHsp homologs.  
In the second category of residues, the incorporation of the R1- or R2-
labels is capable of shifting the dissociation equilibrium. In spin labeled mutants 
such as D21R1, D21R2, P24R1, and P24R2, the hydrophobicity of R1 favors 
larger oligomer.  In contrast, the more polar R2 stabilizes the dimer and 
destabilizes the oligomer (Fig. 36). EPR lineshapes are consistent with the trend 
observed by SEC. For instance, R1 displays a more immobilized EPR spectrum, 
and R2 shows an enhancement in the contribution of the mobile component.  
Figure 35.  A sequence alignment for the N-termini of mammalian sHsp 
homologs αB-crystallin (αB), αA-crystallin (αA), and human Hsp27.  Grey 
residues are conserved, while conserved residues in Hsp27 homologs are 
highlighted by the red box.  Two red + indicate residues that shift the 
dissociation equilibrium in favor of the oligomer reassembly, and the single 
black + indicate residues that partially dissociate the oligomer. 
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These results reveal that regardless of the identity of the original residue the 
dissociation equilibrium can be modulated by the polarity of the introduced side 
chain.  However, not all residues stringently follow the R1/R2 rule (Fig. 36).   For 
example, in D21C the negative charge is important for destabilizing the large 
oligomer (Fig. 33).  Labeling with R2 shows that the label’s contribution to the 
dissociation energetics is insufficient to overcome the stabilizing effect of the 
large oligomer.  A similar effect is observed with the P24R2 mutant.    On the 
other hand, at residues Trp16 and Leu35 neither R1 nor R2 is capable of 
modulating the Hsp27 dissociation equilibrium.  In these mutants, the dimer 
consistently dominates.   
Figure 36.  SEC analysis displaying the effect of either R1 or R2-labels on 
the Hsp27 dissociation equilibrium.  The protein concentration was 0.05 
mg/mL. 
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Discussion 
In sHsps, the most sequence divergence occurs in the N-terminal domain.  
The length of the N-terminal domain varies from 32 amino acids, in the archeal 
Hsp16.5, to 87 amino acids in human Hsp27.  In contrast to the α-crystallin 
domain, the structure and function of the N-terminal domain has not been 
extensively investigated. The role of the N-terminal domain in sHsp oligomer 
architecture and chaperone activity remains largely enigmatic.  The literature 
does show strong evidence in support of a direct role for the N-terminal domain 
in oligomer stabilization and subunit exchange in both α-crystallin and Hsp27 
(Bova et al. 1997; Bova et al. 2000; Koteiche et al. 2005; Shi et al. 2006).  For 
example, deletion of the N-terminal domain results in dissociation of αA-crystallin 
into both dimers and tetramers (Bova et al. 1997).  Also, these smaller multimeric 
units were incapable of further subunit exchange (Bova et al. 1997).  Although N-
terminal domain deletion in Hsp16.5 results in assembly into an intact oligomer; 
protein engineering in Hsp16.5 has revealed a pivotal role of the N-terminal 
domain in oligomer plasticity (Koteiche and Mchaourab 2002; Shi et al. 2006).   
Moreover, the insertion of the peptide P1 from Hsp27 within the N-terminal 
domain of Hsp16.5 induced an oligomeric transition from a 24- to a 48-subunit 
oligomeric species (Shi et al. 2006).  The P1 peptide of Hsp27 is highlighted by 
the blue box in figure 22.  Apart from the putative structural role, N-terminal 
sequences within plant sHsps and α-crystallin were identified as contact sites for 
bound substrate.   
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These studies strongly indicate an N-terminal domain contribution to the 
chaperone activity of sHsps (Giese et al. 2005; Ghosh et al. 2006; Jaya et al. 
2009). 
A mechanistic correlation can be envisaged between the dynamic Hsp27 
oligomer and in vitro chaperone activity.  The minimalist model of figure 15 
illustrates this point in equations 1 and 3.   According to the model, dissociation 
of Hsp27 into dimers is an important step in substrate binding (Fig. 37).  As a 
result, the binding competent dimer, with its N-terminal domain solvent exposed, 
interacts with destabilized substrate with high affinity. Substrate binding causes 
reassembly of the N-terminal domain into a solvent shielded environment with its 
substrate sequestered on the inside of the Hsp27/substrate complex.  The fast 
rate of Hsp27 subunit exchange and the concentration dependence of Hsp27 
equilibrium dissociation strongly suggest that there is a relatively small energetic 
balance in favor of the large oligomer in Hsp27-WT (Bova et al. 1997; Bova et al. 
2000).   Additionally, a direct correlation was demonstrated, using T4L as a 
model substrate, between propensity for dissociation and substrate affinity 
(Shashidharamurthy et al. 2005).    
On the sequence level, a thorough mutagenic analysis reveals two 
important motifs that modulate dissociation.  Acidic residues in the N-terminal 
domain favor the large oligomer to the extent that substitution of a single residue 
such as Asp17 or Glu41 reverses the dissociation induced by the three 
phosphorylation mimicking aspartates. 
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The origin of this effect appears to be the energetic costs of excluding N-terminal 
charges from the aqueous phase.  However, the contribution of these acidic 
residues is not uniform most likely reflecting interactions of these residues with 
neighboring side chains.  Presumably some of the negative charges are not ion 
paired while others such as Asp21 and Asp30 may be involved in salt bridges that 
reduce the energetic penalty associated with their transfer into a buried 
environment.  
Figure 37.  The model illustrating substrate binding to Hsp27.  The model 
focuses on the role of the N-terminal domain in the three coupled equilibria of 
Figure 2.  Initially the N-terminal domain is unfolded and solvent exposed in the 
dimer, and monomer contacts within each dimer occur along the α-crystallin 
domain.  After binding destabilized T4L, the oligomer reassembles into a 
Hsp27/substrate complex.  The T4L substrate is sequestered within the inside 
of this complex which is shown with a dashed square (high affinity mode).  
Additionally there is also a low affinity binding mode which involves T4L binding 
to the surface of the Hsp27 oligomer.  (Figure created with the assistance of 
Sanjay Mishra)    
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 A second unexpected yet important finding is the identification of consecutive 
residues whose substitutions stabilize the large oligomers.  In addition to being 
contiguous, the chemical properties of these amino acids are diverse suggesting 
that the origin of their effects on the dissociation equilibrium is primarily 
structural.  Notably, most of these residues are conserved in the Hsp27 family 
but not in the α-crystallin subfamily of sHsp. This conservation pattern is 
consistent with a critical role in the dynamics of oligomer dissociation 
characteristic of Hsp27.    
 The EPR data complements the mutagenic analysis of oligomer stability 
by revealing the structural aspect of oligomer dissociation. Transition to a dimer 
does not perturb the α-crystallin domain fold or its dimer interface. Structural 
rearrangements occur primarily in the N-terminal domain where extensive 
subunit contacts are disrupted exposing this domain to the solvent.  Analysis of 
N-terminal domain dynamics and environment suggests a structural contribution 
to the dissociation energetics.  For residues where either cysteine substitution or 
spin label incorporation did not drastically affect the equilibrium, the R1- and R2-
labels report a transition to a more water-exposed environment. The lineshapes 
are uniformly mobile suggesting the lack of a packed core in this domain.  For 
residues 60-80, EPR lineshapes in the dimer suggest an unstructured backbone. 
The P1 peptide (residues 58-70) is included in this region and their deletion 
stabilizes the native oligomer (Shashidharamurthy et al. 2005).  Native oligomers 
assembly sequesters the N-terminal domain away from the aqueous solvent, as 
demonstrated by the dramatically reduced NiEDDA accessibility.   
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Therefore, either the N-terminal domain will form regular secondary structure or it 
will be buried without satisfying the hydrogen bonding requirements of the 
backbone or the interaction potential of side chains. The latter is energetically 
unfavorable while the former’s net energetic contribution is reduced by loss of 
conformational entropy.  As a result, N-terminal sequence and structural 
elements contribute to the energetic modulation of the dissociation equilibrium.  
The fact that substrate binding induces oligomer reassembly supports the 
fact that important interactions occur between the substrate and N-terminal 
sequences.  These interactions are capable of neutralizing negative charges and 
inducing conformational changes.  The purpose is to reduce the unfavorable 
energetics of oligomer assembly.  However, spin labels are motionally restricted 
in the native oligomer; therefore, the ability to use EPR lineshape or accessibility 
to NiEDDA to identify residues in direct contact with the substrate is hindered.   
The evolution of mammalian sHsp ensures binding promiscuity to a wide variety 
of substrates, while allowing for dynamic regulation of substrate affinity. There is 
increasing evidence that correlates the dynamics of Hsp27 oligomer dissociation 
to its physiological role (Abisambra et al. 2010).  The data presented provides 
definitive evidence that N-terminal domain sequence divergence contributes to 
the structural and dynamic properties that distinguish mammalian sHsps from 
their archeal counterparts. EPR and SEC data clearly demonstrate how the 
marginal stability of the native oligomer functions as a switch allowing single 
amino acid substitutions to modulate the Hsp27 dissociation equilibrium.   
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CHAPTER V 
 
Summary and Future Perspectives on the Mechanism of sHsp Chaperone 
Activity 
 
Overview 
It is well documented that mammalian small heat shock protein 27 
(Hsp27) is capable of equilibrium dissociation from an ensemble of large 
oligomers to a dimer (Lambert et al. 1999; Bova et al. 2000; Theriault et al. 
2004).  Furthermore, Hsp27 exchanges subunits in a dynamic process, which 
involves equilibrium dissociation and reassembly (Bova et al. 2000).  
Consequently equilibrium dissociation, to the dimer, facilitates high affinity 
binding to destabilized substrate (Shashidharamurthy et al. 2005; Mchaourab et 
al. 2009).  N-terminal substrate binding sites have been previously identified in 
other sHsps; however, the conserved architecture of sHsps, such as Hsp16.5 
and Hsp16.9, places the N-terminal domain within the core of the sHsp oligomer 
(Kim et al. 1998; Haley et al. 2000; van Montfort et al. 2001; Haslbeck et al. 
2004a; Basha et al. 2006; Shi et al. 2006; Jaya et al. 2009a).  Since the N-
terminal domain is not readily accessible, substrate binding requires sHsp 
oligomer dissociation (van Montfort et al. 2001; Haslbeck et al. 2004a; Giese et 
al. 2005; Shashidharamurthy et al. 2005).  Unfortunately, the structural 
contribution of the N-terminal domain to both Hsp27 oligomer dynamics and 
chaperone activity is not well understood.   
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This is a direct consequence of the refractory nature of mammalian sHsps, such 
as Hsp27, to high resolution structure determination.  The work presented in this 
dissertation describes the N-terminal conformational changes that accompany 
Hsp27 oligomer dissociation, and examines the role of N-terminal sequence 
elements in equilibrium dissociation. 
 
N-terminal domain dynamics and environment suggests a structural 
contribution to dissociation energetics 
 
By means of systematic spin labeling and subsequent analysis of EPR 
lineshapes, the environment of the N-terminal domain in the native oligomer 
(Hsp27-WT) as well as in the phosphorylation mimic (Hsp27-D3) was examined.  
Motionally restricted EPR spectra are observed in Hsp27-WT, indicating that the 
N-terminal domain is located in a buried environment and involved in extensive 
subunit contacts.  The conclusion drawn, for Hsp27-WT, was further confirmed 
by the dramatic reduction in NiEDDA accessibility.  In contrast, for the 
corresponding spin labeled residues, in Hsp27-D3, there were less restricted spin 
label motion observed.  Therefore, dissociation to the dimer causes large 
portions of the N-terminal domain to loose the steric restriction observed in the 
native oligomer.  Furthermore, an increase in NiEDDA accessibility implies that 
the N-terminal domain has transitioned to a more exposed aqueous environment.  
Now, these lineshape and accessibility features, in Hsp27-D3, indicate significant 
conformational changes, in the N-terminal domain, have taken place after 
oligomer dissociation.  Consequently, these conformational changes precipitate 
the dissociation of the Hsp27 oligomer.   
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The EPR results indicate that a relatively small energetic balance favors the 
ensemble of large oligomers, and this balance is disrupted by structural changes 
in the N-terminal domain.  As a result, oligomer dissociation, to the dimer 
(chaperone activated state), is promoted and substrate binding affinity is 
enhanced.   
Since cells must rapidly respond to stress, sHsps such as Hsp27, have a 
remarkable propensity to sense changes in cellular environment (Craig and 
Lindquist 1988; Parsell and Lindquist 1993).  For that reason, the architecture of 
the Hsp27 oligomer serves as a switch that can be readily activated during 
stress.  The conformational changes within the N-terminal domain control the 
switch; therefore, Hsp27 shifts from an inactive to chaperone ready state.  In the 
cell, molecular chaperones assist in protein folding thereby, preventing non-
specific protein aggregation (Hartl and Hayer-Hartl 2002; Haslbeck et al. 2005; 
Buchberger et al. 2010).  For many molecular chaperones, with the exception of 
sHsps, binding and release of substrate is regulated by ATP binding and 
hydrolysis (Bukau and Horwich 1998; Richter et al. 2010).  However, persistent 
stress may contribute to periods of non-productive ATP-dependent cycling; as a 
result, the ATP-dependent molecular chaperone machinery becomes 
overwhelmed.  The consequence of this event is the release of misfolded 
proteins which is detrimental to cell survival.  sHsps act independently of ATP 
and are capable of forming stable substrate complexes with misfolded proteins.  
Thus, sHsps are ideal in the management of protein homeostasis during 
conditions of persistent stress.   
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It is readily apparent that a tightly regulated stress activated oligomeric switch 
would ensure instantaneous availability of sHsps according to cellular 
requirements.  
 
The influence of N-terminal sequence determinants in the modulation of 
Hsp27 equilibrium dissociation 
              
According to SEC and EPR analysis, a number of N-terminal aspartate, 
glutamate, arginine, proline, glycine, and tryptophan residues, in Hsp27-D3, have 
the propensity to modulate the dissociation equilibrium after cysteine substitution 
or incorporation of the spin label side chain (R1 and R2).  The EPR lineshapes 
for these sites unexpectedly revealed restricted spin label motion, similar to that 
observed for the corresponding spin labeled Hsp27-WT mutants.  Furthermore, 
these key residues show a shift in the dissociation equilibrium in favor of the 
large ensemble of oligomers.  The significance of these results lies in part on the 
ability of these residues to effectively reverse the phosphorylation-induced 
dissociation, commonly observed in Hsp27-D3.    That being so, these results 
identify residues that significantly stabilize the large ensemble of oligomers 
possibly via the formation of stabilizing interactions.  These interactions include 
hydrogen bonds, salt bridges, and aromatic interactions (Brinda and 
Vishveshwara 2005).  It has been previously reported that addition of extra 
hydrogen bonds and salt bridges enhances the energy of stabilization of 
oligomeric enzymes (Perutz and Raidt 1975; Walker et al. 1980; Vetriani et al. 
1998).  The general premise behind this stabilization is the formation of networks 
of structural elements, such as α-helices, β-sheets, and turns.   
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It is worthy to note that the location and context of the structural elements 
are extremely important.  Hence networks of structural elements serve to bring 
together clusters of interacting residues into close proximity (stabilizing 
interactions), while at the same time preventing other residues from interacting 
(destabilizing interactions).  For example, Asp17, Glu41, Trp51, and Tyr54 may be 
involved in a network of salt bridges and hydrogen bonds.   Cysteine 
mutagenesis serves to alter the local environment in the vicinity of these 
residues; consequently, the network of structural elements, in which these 
residues were originally involved, is now modified.  Furthermore, consecutive 
clusters of residues, such as 36 to 41 and 51 to 54, are particularly intriguing, 
because their substitution to cysteine and subsequent spin labeling stabilizes the 
large ensemble of oligomers.  The contiguous location of these residues is 
further evidence that they are involved in structural elements, within the N-
terminal domain of Hsp27.  Also, Pro39 maybe involved in a β-turn within a cluster 
of these residues.  Since, the N-terminal domains of Hsp16.5 and Hsp16.9 are 
predominantly α-helical and involved in the interaction between subunits; it’s 
entirely possible that the N-terminal residue Pro39, of Hsp27, may serve to 
restrain the orientation of an α-helix located at a subunit interface.  However, 
different residues contribute to oligomer stability to varying extents.  For instance, 
Asp21, Asp30, and Glu64 residues, when mutated to cysteines, shift the Hsp27 
dissociation equilibrium in favor of the dimer, due to the local nature of their 
chemical interactions.   
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As a result, Asp21, Asp30, and Glu64 residues are critical for the stabilization of the 
dimer; at the same time, these residues are involved in repulsive interactions that 
act to destabilize the large oligomer.  Therefore, the importance of these 
residues, in the modulation of the Hsp27 dissociation equilibrium, is illustrated by 
their strict conservation in Hsp27.  Nevertheless, the stringent sequence 
conservation of these residues is not observed in the homologous αA- and αB-
crystallins.  Sequence conservation is consistent with a pivotal role for the N-
terminal domain in the dynamics of Hsp27 oligomer dissociation.    
Hsp27 oligomeric structure and dynamics are linked to chaperone activity, 
by the minimalist model (Shashidharamurthy et al. 2005; Koteiche and 
Mchaourab 2006; Mchaourab et al. 2009).  In this model, the substrate folding, 
Hsp27 oligomeric, and reassembly to Hsp27/substrate complex equilibria are all 
coupled.  According to the coupled equilibria, substrate binding is favored by the 
stability of the substrate; in which, the free energy of unfolding will favor the 
intermediate states.  Furthermore, the population of chaperone in its activated 
state (dimer) also promotes substrate binding.  In the case of mutations that 
stabilize the large oligomer, the Hsp27 dissociation equilibrium is shifted toward 
the large ensemble of oligomers (not the chaperone activated state).  Therefore, 
there will be a reduction in the extent of substrate binding.  It becomes evident 
how Hsp27 utilizes equilibrium dissociation to recognize and bind substrate in its 
non-native state.    Dissociation to the dimer enables substrate access to N-
terminal binding sites (Haslbeck et al. 2005; Shashidharamurthy et al. 2005; 
Mchaourab et al. 2009).   
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The modulation of the equilibrium is important for the physiological role of 
mammalian sHsps. Mutations in key residues that influence the dissociation 
equilibrium can alter the ability of sHsps to dynamically respond to changes in 
cellular protein folding.  As a result, cellular proteostasis is altered, as in the case 
of stress, aging, and neurodegenerative disease (Hsu et al. 2003; Gidalevitz et 
al. 2006b; Mehta et al. 2009).  There are numerous physiologically relevant 
examples where aberrant Hsp27 and αB-crystallin function have been associated 
with Alzheimer’s disease, Alexander’s disease, desmin related cardiomyopathies, 
neuropathies, and cataracts (Vicart et al. 1998; Evgrafov et al. 2004; Dierick et al. 
2005; Muchowski and Wacker 2005; Liu et al. 2006). 
 
Future Perspectives   
The correlation between Hsp27 oligomeric structure, dynamics, and in 
vitro chaperone activity has been extensively studied (Berengian et al. 1999; 
Lambert et al. 1999; Rogalla et al. 1999; Theriault et al. 2004; 
Shashidharamurthy et al. 2005; Koteiche and Mchaourab 2006).  However, 
details concerning chaperone function remain poorly understood.  For instance, 
the N-terminal residues that directly contact substrate remain undefined.  In the 
dissertation work, EPR lineshape and NiEDDA accessibility could not be used to 
accurately identify residues in direct contact with substrate.  It is apparent that 
additional biochemical analysis is needed to identify Hsp27/substrate binding 
sites.   
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There are a number of crosslinking studies which have utilized the fluorescent 
dye 1-anilino-8-naphthalene sulfonate (ANS), 1,1’-bi(4-anilino)naphthalene-5,5’-
disulfonic acid (bis-ANS), or aromatic molecules such as p-benzoyl-L-
phenylalanine (Bpa) to photolabel and subsequently identify potential substrate 
binding sites in sHsps (Lee et al. 1997; Raman and Rao 1997; Sharma et al. 
1997; Smulders and de Jong 1997; Fu and Chang 2006; Jaya et al. 2009a).  In 
cross-linking studies, it is assumed that N-terminal residues that interact with 
both the label and substrate protein are identical.  Therefore, the binding of label 
should reduce the chaperone activity of sHsps.  It may be an important 
consideration for future work to apply crosslinking studies to identify potential N-
terminal sites for substrate binding, in Hsp27-D3 (binding competent dimer).  The 
identification of substrate binding sites in sHsps is fundamental to the 
understanding of their cellular function in eye lens transparency, 
thermotolerance, resistance to apoptosis, cytoskeleton modulation, protection 
against oxidative stress, and neurodegenerative disease (Waters et al. 1996; 
Brady et al. 1997; Graw 1997; Mehlen et al. 1997; Muchowski and Wacker 2005; 
Launay et al. 2006; Laskowska et al. 2010).  Additional insight into the correlation 
between Hsp27 oligomer dynamics and its cellular function can be obtained by 
transfecting neuronal cells with cysteine mutants capable of modulating the 
Hsp27 dissociation equilibrium.  Neuronal cells are ideal, because they are 
particularly vulnerable to the cytotoxic effects of misfolded protein aggregates 
(inclusions).   
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Mammalian sHsps, Hsp27 and αB-crystallin, are upregulated and accumulate 
into inclusion bodies in many neurodegenerative diseases (Muchowski and 
Wacker 2005).  In neuronal disease models, the overexpression of Hsp27 has 
been protective against neuronal cell death (Wyttenbach et al. 2002; Zourlidou et 
al. 2004; Patel et al. 2005; Arrigo et al. 2007; Stetler et al. 2009).  The 
dissociation equilibrium modulating Hsp27 cysteine mutants can be tested for 
their ability to inhibit the accumulation of abnormally folded proteins in the 
neuronal cell’s nucleus or cytosol.  It is beneficial to further study these cysteine 
mutants in model organisms such as zebrafish, Drosophila, Caenorhabditis 
elegans, and mice.  The importance of these studies is to provide additional 
insight into the structure and mechanism of mammalian sHsps.  A long term goal 
is to develop therapeutic strategies targeted at modulating the chaperone activity 
of mammalian sHsps in disease.                                                        
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APPENDIX 
 
Figure A1.  Hsp27-D3 & Hsp27-WT EPR Spectra 
 
 
 
 
*The Hsp27-WT mutant spectra were scaled by the factor to the 
left of the spectrum for ease of presentation.  
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Figure A2.  Hsp27-D3 & Hsp27-WT EPR Spectra 
 
 
 
 
 
*The Hsp27-WT mutant spectra were scaled by the factor to the 
left of the spectrum for ease of presentation.  
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Figure A3.  Hsp27-D3 & Hsp27-WT EPR Spectra 
 
*The Hsp27-WT mutant spectra were scaled by the factor to 
the left of the spectrum for ease of presentation.  
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Figure A4.  Hsp27-D3 & Hsp27-WT EPR Spectra 
 
 
 
*The Hsp27-WT mutant spectra were scaled by the factor to the 
left of the spectrum for ease of presentation.  
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Figure A5.  Hsp27-D3 & Hsp27-WT EPR Spectra 
 
 
 
 
*The Hsp27-WT mutant spectra were scaled by the factor to the 
left of the spectrum for ease of presentation.  
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Figure A6.  Hsp27-D3 & Hsp27-WT EPR Spectra 
 
 
*The Hsp27-WT mutant spectra were scaled by the 
factor to the left of the spectrum for ease of 
presentation.  
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Figure A7.   Hsp27-D3 & Hsp27-WT EPR Spectra 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 *The Hsp27-WT mutant spectra were scaled by the factor to the 
left of the spectrum for ease of presentation.  
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Figure A8.  Hsp27-D3 & Hsp27-WT EPR Spectra 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*The Hsp27-WT mutant spectra were 
scaled by the factor to the left of the 
spectrum for ease of presentation.  
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Figure A9.  Hsp27-D3 & Hsp27-WT EPR Spectra 
 
 
 
 
*The Hsp27-WT mutant spectra were scaled by the factor to the 
left of the spectrum for ease of presentation.  
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Figure A10.  The Concentration Dependence of NiEDDA on Accessibility 
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Figure A11.  Concentration Dependence of EPR Lineshape For Spin 
Labeled Hsp27-D3 Mutants 
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Figure A12.  Concentration Dependence of EPR Lineshape For Spin 
Labeled Hsp27-D3 Mutants 
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Figure A13.   Concentration Dependence of EPR Lineshape For Spin 
Labeled Hsp27-D3 Mutants 
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Figure A14.  Concentration Dependence of EPR Lineshape For Spin 
Labeled Hsp27-D3 Mutants 
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Figure A15.   Concentration Dependence of EPR Lineshape For Spin 
Labeled Hsp27-D3 Mutants 
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Figure A16.   Concentration Dependence of EPR Lineshape For Spin 
Labeled Hsp27-D3 Mutants 
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Figure A17.   pH Dependence of EPR Lineshape For Spin Labeled Hsp27-D3 
Mutants 
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Figure A18.   pH Dependence of EPR Lineshape For Spin Labeled Hsp27-D3 
Mutants 
 
 
 
 142
Figure A19.   pH Dependence of EPR Lineshape For Spin Labeled Hsp27-D3 
Mutants 
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Figure A20.   pH Dependence of EPR Lineshape For Spin Labeled Hsp27-D3 
Mutants 
 
 
 144
Figure A21.  Detection of Hsp27-D3/T4L Complexes By SEC 
 
 
 
Peaks corresponding to Hsp27-D3/T4L complexes have retention times of 
~15-20 mins.  The spin labeled Hsp27-D3 unbound mutants have retention 
times of ~32 mins.   
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Figure A22.  Confirmation of Hsp27-D3/T4L Complexes By SDS-PAGE 
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Figure A23.  SEC Data For Hsp27-D3 Mutants 
 
Legend 
 
+++   Dissociated 
 
++     Partially dissociated 
 
+       Assembled 
 
-        No data acquired at the applicable concentration 
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Figure A24.  SEC Data For Hsp27-D3 Mutants 
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Figure A25.  SEC Data For Hsp27-D3 Mutants 
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Figure A26.  SEC Data For Hsp27-D3 Mutants 
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Figure A27.  SEC Data For Hsp27-D3 Mutants 
 
 
 
 151
Figure A28.   SEC Data For Hsp27-D3 Mutants 
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Figure A29.  SEC Data For Hsp27-D3 Mutants 
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 Figure A30.  SEC Data For Hsp27-D3 Mutants 
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 Figure A31.  SEC Data For Hsp27-D3 Mutants 
 
 
 
 155
Figure A32.  SEC Data For Hsp27-D3 Mutants 
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Figure A33.  SEC Data For Hsp27-D3 Mutants 
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 Figure A34.  SEC Data For Hsp27-D3 Mutants 
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Figure A35.  SEC Data For Hsp27-D3 Mutants 
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